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Abstract

The objective of this work is to improve the knowledge of the shock-to-detonation transition of nitromethane
The study is based on a spectral analysis in the range 0.3–0.85 µm, with a 28-nm resolution, during experi-ments
of plane shock impacts on explosive targets at 8.6 GPa. The time-resolved radiant spectra show that the 
detonation front, the reaction products produced during the superdetonation, and the detonation products ar
semitransparent. The temperature and absorption coefficient profiles are determined from the measured spectra y 
a mathematical inversion method based on the equation of radiative transfer with Rayleigh scattering regime. 
Shocked nitromethane reaches at least 2500 K, showing the existence of local chemical reactions after shock 
entrance. Levels of temperature of superdetonation and steady-state detonation are also determined.
 

Keywords:Nitromethane; Shock-to-detonation transition; Emission spectroscopy; Temperature profile; Absorption coef
models; Inverse problems; Equation of radiative transfer
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1. Introduction

This work deals with the study of the shock initi
tion of a liquid high explosive, nitromethane (NM
Many experimental investigations as well as th
retical researches have been performed on NM
about 40 years but the detonation mechanisms are
still completely explained. Their understanding re

* Corresponding author. Fax: +33 1 4709 4568.
E-mail address:isabelle.darbord@u-paris10.fr

(I. Darbord).
1 Now at CEA Le Ripault, BP16, F-37260 Monts, Franc
mainly on pressure and velocity measurements. H
ever, to improve knowledge of the initiation and de
nation of high explosives, temperature is an esse
factor. It is of great interest for the understanding
the involved chemical kinetics, for the accuracy
hydrodynamic codes related to condensed explos
and for the characterization of the thermal effects
high explosives.

For many years a nonintrusive technique, opt
pyrometry, has been used to get the temperature
ing the shock-to-detonation transition (SDT) of N
and also during the detonation of very nonideal h
explosives[1,2]: it has a response time of only
few nanoseconds, compatible with the swiftness
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Fig. 1. Transmission spectrum of NM for a thickness of
mm measured by a FT-IR Fourier spectrometer.

the phenomena. However, the temperature determ
tion, based on thermal radiation emitted by the exp
sive, requires knowing the emissivity of the gaseo
or solid species involved during the SDT. This p
rameter is not measurable under such condition
pressure (several GPa) and temperature (several
sands of K). These thermodynamic states peculia
detonation are not easily reachable and most of
techniques used to determine the emissivity in
tic states[3,4] are unable to get sufficient tempor
resolution. Moreover, the modeling of emission sp
tra from databases is restricted to lower pressu
and temperatures corresponding to combustion[5–7].
That is why temperature determination by pyrom
try is based on an assumption on the monochrom
emissivityελ. The simplest solutions consist of bla
(ελ = 1) or gray(ελ1 = ελ2) body hypotheses[8,9]:
if the wavelengths of the pyrometer are remote,
determination of the temperature is inaccurate. T
development of multichromatic pyrometers[10], such
as the six-wavelength pyrometer of the CEG[11],
leads to different solutions: the emissivity is stated
a polynomial of the wavelengthλ [12,13]. In the case
of NM, the reaction and the detonation products
probably semi-transparent and the previous assu
tions may then be unsuitable.

Therefore, to get still more information on the o
tical properties of the initiation and detonation pro
ucts, a time-resolved emission spectroscopy te
nique has been developed and used to analyze p
shock impacts on NM targets[14]. These measure
ments give the radiation emitted by the explosive
spectral radiance. It is possible to determine the t
perature profiles (spatial and temporal distributio
from the radiance values. These two data are lin
by the equation of radiative transfer. In this paper,
determine the temperature using a method base
the mathematical inversion of the equation of rad
tive transfer of a semitransparent medium.
Fig. 2. Detonation target.

Fig. 3. Emission spectroscopy device.

2. Experimental configuration

NM is a liquid explosive that has the property
semitransparency at ambient pressure and temp
ture. We measured its transmission spectrum fo
thickness of 25 mm (Fig. 1): NM is transparent be
tween 0.4 and 0.85 µm.

The detonation experiments consist of plane sh
impacts on explosive targets at 8.6 GPa, under c
ditions of one-dimensional strain. These experime
have been performed previously for pyrometry m
surements[15]. A single-stage powder gun prope
the projectile at the target at a velocity of 1940 m/s
to initiate the detonation. NM is confined in a pol
ethylene chamber of depth 25 mm, closed on one
by a copper transfer plate and on the other side b
lithium fluoride window (LiF) (Fig. 2). Several mea
surement techniques are used: a polarization elect
records the time of shock entrance and the time
formation of the superdetonation and the detonat
piezo-electric pins signals lead to the measuremen
the shock and detonation velocities.

An optical probe using achromatic doublets c
lects the radiation emitted during the detonat
and transmits it to the emission spectroscopy
vice (Fig. 3) with an optical fiber. The optical prob
has been designed to collect thermal radiation
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Table 1
Characteristics of plate impact shots

Shot No.

76 1020 1045 2019

V (m/s) 1926 1937 1936 1946
p (GPa) 8.57 8.64 8.64 8.7
t1 (µs) 1.7 1.65 1.38 1.6
t2 (µs) 2.36 2.15 1.84 2.15

tween 0.3 and 1.6 µm and the focus area ha
2-mm diameter. The optical fiber is a 1-mm co
silica fiber transmitting in the same spectral ran
A JOBIN YVON TRIAX 180 grating spectrome
ter disperses the light beam. The grating, blaze
0.5 µm, has a groove density of 150 g/mm. The dis-
persion is 32.8 nm/mm at the wavelength 565 nm
A HAMAMATSU R5900U-01-L16 multianode pho
tomultiplier tube (PMT) is used as a 16-detect
array to detect the signal in the spectral range 0
0.85 µm with a response time of 0.6 ns. The detec
are 0.8 mm large and 16 mm high and separated
0.2-mm space. Four TEKTRONIX TDS684 digitize
are used for data acquisition. During impact exp
ments, time sampling is 1 GHz. The time and spec
resolutions obtained are respectively 1 ns and 32
each channel of the PMT detecting light flux on
26-nm-wide spectral range.

The spectroscopy system has to be calibrate
get a conversion between the radiance (thermal ra
tion) and the voltage output (or current for the PMT
Because of the relatively high spectral resolution,
16 channels of the PMT may be considered as mo
chromatic. A MIKRON M390 black body source
used to perform the calibration (900–3300 K).

3. Experimental results

We have performed several experiments of p
impacts at∼8.6 GPa on 25-mm-thick NM targe
at ambient pressure.Table 1shows the characteris
tics of these shots:V is the projectile velocity,p
is pressure,t1 is the time of formation of the su
perdetonation, andt2 is the time of formation of the
strong detonation according to the classical mode
the shock-to-detonation transition (SDT) proposed
Chaiken[16]. The emission spectroscopy measu
ments are reproducible in terms of radiance sign
versus wavelength.

Here we analyze one of our experiments.Fig. 4
represents the 3D radiance profiles obtained d
ing shot 1020 and a typical temporal profile at
given wavelength. Emission spectroscopy meas
ments with the piezoelectric pins and electrode s
nals clearly show the different stages of the SDT
Fig. 4. 3D radiance profiles of shot 1020 and one typ
temporal profile.

described by Chaiken. A first jump at 1.65 µs char
terizes the formation of a detonation wave propag
ing in shocked NM resulting of a thermal explosio
This wave is called superdetonation and overta
the initial shock wave at a second jump at 2.15
A strong detonation is then formed and gradually
cays into a steady-state detonation that propag
until the interaction with the LiF window at 4.5 µs.

Radiance temperature(Tradiance) profiles (also
called brightness temperature profiles) have been
culated with the Planck law, assuming the emissiv
ελ is 1, i.e., emissivity of a black body:

(1)Tradiance= C2

λ ln
[C1λ

−5

Lλmes
+ 1

]
with λ for the wavelength,Lλmes for the measured
radiance,C1 = 3.741× 10−16 Wm2, and C2 =
1.4388× 10−2 m K are constants of the Planck law

The true temperature will be at least equal to
maximum radiance temperature.

Because of the noise of the system, minim
temperature corresponding to the measured radi
is about 1500 K. The main result is that the ra
ance temperature is not constant during the pr
agation of the superdetonation and the detona
wave (Fig. 5). The reaction products, which consist
gaseous species and solid carbon, are probably s
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Fig. 5. Radiance temperature profiles for the 16 channe
shot 1020.

Table 2
Minimum temperature of the different stages of the SDT

Stage of the SDT Temperature (K)

After shock entrance �2500
Before the superdetonation formation �2600
Superdetonation �3200
Detonation �3600

transparent. We obtain the minimum temperature
each step of the SDT that are shown inTable 2.

Experimental uncertainties have been studied
[17]. For low wavelengths(<0.5 µm) and low tem-
peratures (<1500 K—noise limit), the error on rad
ance can reach 60%. But this error decreases whe
temperature increases and is lower than 10% for t
peratures higher than 1800 K and for all waveleng
On the contrary, the error on radiance temperatur
negligible (lower than 0.6% in all cases).

Changes in radiance depending on wavelen
have been studied for various typical stages of
SDT (Fig. 6). From the formation of the superdeton
tion, a hollow appears between 0.65 and 0.75 µm
remains until the end of the propagation of the deto
tion wave. This hollow characterizes semitranspar
optical properties of the gaseous species involved

4. Discussion

We compared our measurements to those obta
by the pyrometry technique, in particular results fro
Leal-Crouzet et al.[1] and Urtiew [18] (Fig. 7).
Urtiew emission results put in evidence the wa
length dependence on radiance temperature. It is
not likely that the detonation wave behaves a
black body as proposed by Leal-Crouzet and ot
authors[19,20], who obtained constant radiant te
perature. Their results can be explained by the la
spectral resolution they are using (two or three tim
larger than ours); the wavelength dependence on
Fig. 6. Radiance spectra at different times for shot 10
(a) after shock entrance (0.3 µs), (b) before the supe
onation formation (1.2 µs), (c) superdetonation format
(1.65 µs), (d) 1.9 µs, (e) catch-up of the shock wave (2.15
(f) strong detonation (2.45 µs), (g) overdriven steady s
detonation (3.8 to 4.4 µs). Radiance values were aver
around the given time value.

Fig. 7. Radiance temperature of detonation wave of
tromethane versus wavelength compared to other works

emissivity is then integrated. The choice of the p
rometer wavelengths can thus affect the estimatio
the optical characteristic of the studied medium[21].

Then we tried to find out the optical properti
of shocked NM and of the reaction products beh
the superdetonation wave and behind the detona
wave.

The evolution of the signal emitted after the sho
entrance leads us to conclude that the shock fron
transparent. Indeed, if the shock front were opaq
the emitted radiance would be constant until the f
mation of the strong detonation. Moreover, the ra
ance is about the same as the radiance emitte
the copper impactor at 500 K[17]. This means tha
shocked NM is transparent and we will consider t
its absorption coefficient is the same as that for n
NM. Besides, Yoo et al.[22] pointed out that shocke
NM remains transparent in the spectral range 0.
0.75 µm.
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Fig. 8. Radiation emitted during multiple reverberati
shocks experiments performed in CEG[25].

Fig. 9. Radiation emitted during the propagation of the sh
wave.

The radiant temperature after shock entrance, p
to the detonation transition, reaches 2500 K. Suc
temperature is not in agreement with Chaiken mo
which predicts a shock temperature of about 1000
It is also clearly greater than those predicted
Lysne and Hardesty[23] (1100–1200 K) or Winey
and Gupta[24] (1000 K). Yet a similar high tem
perature has been also recorded by pyrometry t
nique in the visible range in the same single sustai
shock experiments[15] and in multiple-shock exper
iments performed at the CEG[25,26]. The reverber
ating shock tests described in[26] consist in pyrom-
etry measurements (eight wavelengths from visib
0.5 µm, to IR, 3.6 µm, with 5 ns time resolution) a
material velocity measurements using VISAR. In t
work, it appears that the temperature profile in
NM layer after the fourth shock wave (13.2 GPa)
not uniform (seeFig. 8). Indeed, for visible and nea
IR wavelengths of the pyrometer where NM is tran
parent (same wavelength range as our emission s
troscopy device), shocked NM reaches temperat
greater than 2200 K. On the contrary, measurem
in IR range (2.2 and 3.6 µm) lead to radiance temp
tures between 500 and 1000 K which is more in agr
ment with Chaiken model. At these wavelengths, N
is opaque and these low temperatures correspon
shocked NM at the interface with the pyrometry me
surement window. Thus, the higher temperatures
necessarily located close to the aluminum tran
plate and can be explained by the presence of loca
composition reactions inside the shocked liquid N
leading to hot spots. The authors also noticed that
intensity of the laser in the VISAR signals record
at the transfer plate/NM interface do not decrea
which implies that there is not a bulk decompositi
of NM. These results support the presence of thes
cal reactions, created after the passage of shock w
on bubbles and heterogeneities inside NM. These
spots contribute to increase the radiance measure
the visible range without changing the optical prop
ties of neat NM. The mechanism of emission is sho
in Fig. 9.

The chemical composition of the reaction a
detonation products has been calculated with
CHEETAH code[27] using two classical equation
of state and several data bases.Table 3shows the ma
jor species (with a molar fraction greater than 1%
gas and carbon clusters which form a semitrans
ent medium[17,21]. The radiation emitted by th
medium is given by the complete equation of rad
tive transfer (ERT),

dLλ(�i)
dx

= KλL0
λ(T ) − βλLλ

(�i )
(2)+ σλ

4π

∫
4π

Lλ

(�i′)Φλ

(�i′ → �i )
dΩ

(�i′),
with βλ the extinction coefficient such asβλ = Kλ +
σλ; Kλ(λ,T ) and σλ are absorption and scatterin
coefficients;Lλ(�i) is the spectral radiance in the d
rection �i, dΩ(�i) is the solid angle centered in th
direction �i, and Φλ is the spectral scattering pha
function [28]. The scattering phase function rep
sents the probability of the scattering of the radiat
coming from the direction�i′ toward direction�i.

Carbon cluster size has been estimated as 50
Winter and Ree[29]. Their particle size parameterx

(x = πd/λ, whered is the particle diameter or siz
of the cluster) is between 0.02 and 0.04 forλ between
0.4 and 0.85 µm. The scattering regime of carbo
therefore Rayleigh scattering. Thus, the ERT is s
plified:

(3)
dLλ

dx
= KλL0

λ(T ) − KλLλ(x).

In a first stage, we have studied the optical pr
erties of the detonation products during the propa
tion of the steady-state detonation. According to
Chapman–Jouguet theory, the temperature profile
hind the detonation front is constant. Thus,Kλ only
depends onλ and during this stage, the measur
radiationLλ(�) can be written with the equation o
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Table 3
Chemical composition (in mol/mol of explosive) of the reaction products from a steady-state detonation of NM calcu
with CHEETAH using two classical equations of state (BKW and JCZ3) and several data bases (Lawrence Livermore
Laboratory BKWC, Sandia National Laboratory BKWS and JCZS)

EOS BKW data base BKWC LLNL EOS BKW data base BKWC SNL EOS JCZ3 small data base JC

Det. V cste expl. Super det. Det. V cste expl. Super det. Det. V cste expl. Supe

P (GPa) 11.4 14.0 25.1 13.2 17.0 31.6 11.7 14.9 27.4
T (K) 3666 3094 3509 3626 2914 3317 3442 2935 3123
H2O 1.397 1.492 1.499 0.646 0.665 0.608 0.857 0.974 0.827
N2 0.499 0.500 0.500 0.558 0.449 0.429 0.458 0.460 0.479
CO 0.358 0.134 0.061 0.070 – – 0.538 0.212 0.119
CO2 0.120 0.186 0.219 0.558 0.593 0.534 0.254 0.362 0.412
H2 – – – 0.112 – – 0.230 0.062 0.036
CH4 0.032 – – 0.165 0.159 0.081 – – –
H3N – – – 0.092 0.101 0.140 0.083 0.079 0.042
C2H6 0.052 0.082 0.108 0.073 0.098 0.152
CH2O2 – – – 0.075 0.066 0.154 0.041 0.044 0.115
C(s) 0.466 0.674 0.719 0.000 0.000 0.000 0.000 0.182 0.049

Notes. Det.: detonation. V cste expl.: constant volume explosion at 8.6 GPa, 1.842 g/cm3 (shocked NM). Super det.: detonatio
wave propagating in compressed NM, i.e., superdetonation wave.
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Fig. 10. Comparison of the radiance spectra before and
the interaction with the LiF window.

radiative transfer,

(4)Lλ(�) = L0
λ(T)

[
1− exp

(−Kλ(xD − x0)
)]

,

where� is the cell depth,T is the detonation product
temperature,Kλ is the absorption coefficient of th
detonation products, andxD andx0 are the detonation
front and impactor/explosive interface positions.

According to Eq.(4), the radiance should increa
when the detonation wave moves forward as(xD −
x0) increases, but we can notice inFig. 4 that the
emitted radiation before the interaction with the L
window is constant. It could be explained by surfa
area emissivity of the detonation front. Yet, the ra
ance temperature values obtained during the det
tion propagation show a deviation of about 500 K d
pending on the wavelength (Fig. 5). This confirms that
the detonation products are semitransparent. M
over, we can see inFig. 10that the shape of the radia
Fig. 11. Radiation emitted during the propagation of
steady-state detonation.

spectrum is the same before and after the interac
with the window. That would not be possible in th
case of an opaque detonation front.

The constant signal is more likely due to the fa
that the radiation comes from a small thickness
hind the detonation wave, remaining constant dur
the propagation (seeFig. 11). The detonation prod
ucts can be considered optically thick. The emiss
spectroscopy system measures the radiation em
by detonation products that have just formed. Inde
the same shape obtained inFig. 10 for the radiance
curves before and after the interaction with the L
window means that the same chemical species
emitting.

The reaction products behind the superdetona
wave are also semitransparent. Indeed, Doppler l
interferometry measurements[25] performed at the
CEG show that the laser beam at 0.6 µm crosses
reaction products thickness. By focusing on the sig
emitted during the propagation of the superdeto
tion, it seems that for wavelengths higher than 0.6
the signal is constant, whereas under 0.6 µm, it
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Fig. 12. Radiation emitted during the propagation of the
perdetonation wave.

creases. The limit 0.6 µm is not accurate becaus
the temporal and spectral resolutions of the record
In order to precise it, it would be necessary to perfo
measurements with a higher time sampling imply
that acquisition is stopped before the end of the pr
agation. Moreover, to increase spectral resolution,
grating or the detectors have to be changed.

However, we can already analyze the differen
between the two spectral regions.Fig. 12 represents
this emission mechanism. In the region 0.6–0.85
(radiation 2 in figure), reaction products behind
superdetonation behave as detonation products;
the emitted radiation comes from a layer of pro
ucts behind the superdetonation front. The reac
products are said to be optically thick. In contrast
the region 0.3–0.6 µm (radiation 1 in figure), react
products are transparent.

The results obtained on the optical properties
shocked NM and reaction and detonation produ
lead us to try to find out which species cause the h
low in the radiance spectra. The knowledge of
optical parameters as emissivity or absorption fac
is still rather weak. Therefore, only a mathemati
inversion of the equation of radiative transfer allo
determining both temperature profiles and absorp
coefficient.

5. Determination of temperature profiles and
absorption coefficient

The inversion consists in determining the temp
ature profile and the absorption coefficient for ea
wavelength from the experimental radiance spec
as functions of time and position. This work is bas
on the automated determination of physical prop
ties of detonation (temperature, celerity) and abso
tion coefficient of the medium in the successive sta
of the shock to detonation transition by trying to r
produce at best the experimental measurements.
identification is achieved by a least square algorith
applied to the equation of radiative transfer for a se
transparent medium in the Rayleigh approximat
(Eq.(3)) [21].
In order to dramatically reduce the number
unknowns, we introduce a parameterization of te
perature and absorption coefficient. We first take
vantage of the fact that the different species enco
tered at the different stages of the shock to detona
transition always correspond to different values
the temperature. Hence, the absorption coefficien
each wavelength can be seen as a function of the
temperature. As described in[30,31], the shape of th
absorption coefficient is estimated from the analy
of the radiance spectra when the steady state d
nation is reached. Then, we notice that the temp
ture profile presents shocks (reactive or nonreact
that move at various speeds. This is the typical sh
of the solution of a scalar conservative law. So
take the temperature as the solution to a convect
diffusion problem of the form

(5)
∂T

∂t
+ ∂f (T )

∂x
= g

(
T (x, t)

)
,

wheref (T ) is an advection term andg(T ) a reaction
term.

The parameters to be determined have been
sen according to a sensitivity analysis taking into
count the noise level of the experiment. The num
of parameters was further reduced with additional
formation on absorption coefficient and by search
the temperature profile among a limited family th
is physically admissible, through specific choices
the advection termf and the reaction termg.

The least-squares approach consists in minimiz
the normalized quadratic criterion

J̃ (Lcal) =
∑
k,j

(
L

mes,k
j

− L
cal,k
j

σ k
j

)2

(6)

/∑
k,j

(
L

mes,k
j

σ k
j

)2

,

where Lmes is the measured radiance,Lcal is cal-
culated with ERT from the selected temperature
absorption coefficient, andσ stands for the noise an
relative errors of measurements. The indicesj and
k respectively stand for wavelengths and time ste
This definition of the normalized criterion makes
possible to compute the percentage of retrieved r

ance profile through 1−
√

J̃ .
The difficulties and the details of the inversio

method are described in[17,30,31]. The inversion al
gorithm has been validated for simple cases of d
nation as steady-state detonation and detonation
reaction products relaxation[30,31].

We present here the results of the inversion met
applied to the experimental radiance profiles we m
sured during shot 1020. The computation is divided
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Fig. 13. Comparison of the computed (retrieved) radia
and the measured radiance profiles during SDT.

two steps: the first one consists in retrieving the s
nal between the shock entrance and the overtakin
the shock wave by the superdetonation wave (id
tified parameters are the temperature just behind
shock front, the temperature just behind the super
onation front, and the celerity of the superdetonat
front); the second one consists in retrieving the s
nal during the propagation wave until the interact
with the LiF window (identified parameter is the de
onation temperature). The recorded radiance pro
between 2.12 and 2.9 µs correspond to the prop
tion of the strong detonation with a temperature p
file which is difficult to model. This part of the signa
was not processed.

5.1. SDT phase between 0 and 2.12 µs

The sensitivity analysis showed a low sensitiv
of the measured radiance with respect to the cele
of the superdetonation front. A boundary on celer
has been introduced to limit its value to a physica
acceptable range.

Fig. 13 shows computed and measured radia
profiles for several wavelengths; 83% of the radia
Fig. 14. Comparison of the measured radiance and the c
puted radiance profiles during the propagation of the deto
tion.

profiles are retrieved. The oscillations visible on
measured radiance profiles do not penalize the c
rion J̃ , which is due to the use of theL2 norm.

5.2. Detonation–propagation phase between 2.9
4.5 µs

In this case, 89% of the radiance profiles are
trieved (Fig. 14). The search for the temperature p
file has been reduced to the search for a constant
perature profile. Indeed, difficulties still remain in t
inversion of the release of the reaction products p
of the profile.

Fig. 15shows the temperature profiles versus
sition in the explosive cell for both stages, SDT a
detonation propagation. The inversion gives one p
file every 10 ns but fewer profiles are drawn on
figure for more clarity. The shock temperature va
TS thus determined is 2810 K, the superdetonat
temperature value once the wave is sustained,TSD, is
3166 K, and the detonation temperatureTD is 3253 K.
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Fig. 15. Temperature profiles versus position obtained by
inversion method.

Fig. 16. Computed absorption coefficient at shock (2810
superdetonation (3166 K), and detonation (3253 K) tem
atures.

At the entrance of the shock, the result shows h
temperatures, which confirms the existence of
spots, due to local chemical reactions, as explai
earlier.

Taking into account the noise level of the ra
ance measurements, the proportion of retrieved
diance profiles is rather high. However, apart fro
the shock temperature, the superdetonation and
detonation temperature are a bit lower than the m
imum temperature given by the brightness tempe
ture we determined from the emission signals (Ta-
ble 2). The relative error in superdetonation temp
ature compared to this minimum is 1.1% and the
ative error in detonation temperature is 9.6%. T
inversion method gives relevant results for the S
phase but for the detonation–propagation phase
temperature is rather weak because the calcula
was based on the search of a constant tempera
profile, whereas it is possible that the steady-state
onation was not already reached.

5.3. Absorption coefficient profiles

Fig. 16shows the computed absorption coefficie
during SDT and steady-state detonation (for wa
lengths lower than 0.4 µm, NM is opaque).
Table 4
Position and intensity of absorption lines of water vapor[36]

Wavelength (µm) Intensity (a.u.)

0.698 0.2
0.724 1.08
0.823 0.93
0.906 2.4
0.942 10
0.977 2.1

Fig. 17. Absorption coefficient of carbon clusters with va
ing volume fraction according to Rayleigh scattering.

Among the major species listed inTable 3, only
two species in the reaction products emit in the wa
length measurement range: carbon clusters[32] and
water vapor (main lines are given inTable 4at 0.72
and 0.82 µm). We cannot define a more accurate e
tion of state because the detonation velocities ca
lated with CHEETAH agree well with experiment
data. Therefore concentrations are only indicative

The calculated volume fraction of carbon var
from 0 up to 9% depending on the equation of sta
So, in a first approximation, we choose to repres
the Rayleigh scattering regime of the particles by
independent regime[30,33]. The absorption coeffi
cient of particles for different volume fractionsfv
is shown onFig. 17with a refractive complex inde
1.8 − 0.9i [32]. Carbon particles produce a conti
uous background. Comparing these predicted va
with the computed absorption coefficient (Fig. 16),
we can deduce that the volume fraction of carbo
very small(<10−3%). This result is more in agree
ment with the data base of the Sandia National L
oratory for the gaseous BKW and JCZ3 equations
state.

Regarding the contribution of water vapor,
model is required to represent the absorption co
cient depending on wavelength. The model propo
for the emission of water vapor in the reaction pro
ucts is simple in view of the lack of knowledge o
the emission of gases at the pressure and temp
ture encountered. It is based on the absorption l
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Fig. 18. Absorption coefficient of water vapor calculat
with Eq.(4).

of H2O in the visible range and near-infrared range
ambient pressure and temperature (Table 4) and on a
representation of the line width with the exponen
wideband model of Edwards[32] that qualitatively
considers line broadening with temperature and p
sure. Fig. 18 represents the absorption coefficie
calculated with the same bandwidth for all lines,
a first approximation. According to such a model,
absorption coefficient spectrum would be the sup
position of a continuous background and broad li
of water vapor. The spectral resolution of our sp
trometry measurement can exhibit such an abs
tion coefficient spectrum. But the inversion meth
does not compute such a spectrum (Fig. 16). We ob-
tain a continuous spectrum without the right spec
lines. However, the contribution of water vapor
conceivable because of the effects of the press
The thermodynamic states attained in the NM re
tion products (local constant volume explosions
shocked NM at 2810 K and 14–17 GPa, superde
nation at 3166 K and 25.1–31.6 GPa, detonation
3253 K and 11.4–13.2 GPa, according to the m
surements and the thermochemical calculations)
unusual and out of the validity range of the know
data of gas and particle emission spectra. In such
ditions of temperature and pressure, the main caus
lines broadening can be the pressure effect (Dop
lines broadening from high temperature is negligib
But other effects are conceivable. The convolut
of the molecules collisions effect and autoabsorpt
is a possible explanation of continuous spectral
sorption coefficient. The number of molecules p
unit volume is high: the molecular density is abo
1029 molecules/m3 at 3500 K and 15 GPa. In suc
a thermodynamic state, the mean distance betw
molecules(∼10−10 m) is close to their mean diam
eter collision, so that no model exists at present
dense plasma, highly nonhomogeneous and optic
thick (as the detonation products), autoabsorption
lines can lead to an excessive broadening and a
reversal of the lines. The idea of nonthermal emis
ity emerges in the work of Gruzdkov and Gupta ab
shock-induced decomposition of NM[34]. They mea-
sured the emission spectrum between 0.4 and 0.75
of NM shocked at 16.7 GPa under a stepwise load
process and a peak appeared at 0.65 µm. They
plained it as luminescence from reaction produ
possibly NO2. The fluorescence of NO2 can indeed
last 44 µs[35] so our emission measurements dur
the SDT could record the chemiluminescence of N2
after its formation during the NM decompositio
However, as already said, comparison of the radia
spectra during the steady-state detonation and
the interaction with the LiF window shows the sam
shape (Fig. 10). Indeed the decomposition of NM
finished and the chemiluminescence of NO2 cannot
occur. Moreover, the hot spot temperature is sligh
lower than the calculated constant volume adiab
explosion temperature of shocked NM (Table 3). This
temperature is thus compatible with a purely therm
emission, unlike the conclusions of Gruzdkov a
Gupta [34]. Therefore, although the absorption c
efficient profiles measured and retrieved can ha
be explained in view of today’s knowledge at hi
pressure and temperature, the temperature pro
obtained with the inversion method are compati
with a purely thermal emission mechanism (retriev
temperature values are not slightly different from
temperature calculated with CHEETAH, shown inTa-
ble 3).

6. Conclusions

We developed a time-resolved emission sp
troscopy device in the visible range 0.3–0.85 µ
Sixteen radiance profiles have been obtained for e
experiment of plane shock impact on liquid exp
sive target at about 8.6 GPa. The combination
other metrological tools and the spectrometer ma
it possible to display the different stages of the S
as described by Chaiken. The calculation of the
diance temperature gives the minimum tempera
reached during each stage. For shocked NM,
value reaches 2500 K and during the superdeto
tion and detonation propagations, respectively 3
and 3600 K.

The spectral analysis of the emitted intensity
lated to the temporal analysis shows a particularity
the emission spectrum that appears from the for
tion of the superdetonation wave. This result co
not be recorded by the former pyrometer measu
ments. The following conclusions on the optical pro
erties during the different steps of the initiation
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well as the propagation of the detonation have b
proposed:

– Our results correlated to multiple shock expe
ments conducted at the CEG[25,26] show that
NM remains transparent under shock and c
firm that the 2500 K high value of shock tempe
ature are consecutive to local chemical reactio

– The chemical composition of reaction produ
changes with the formation of the detonati
wave. They are still semitransparent but beco
optically thick in the range 0.4–0.85 µm. Th
emission comes from a small-thickness layer j
behind the detonation front. Therefore, the co
mon black or gray body assumption cannot
used.

– Reaction products appearing with the superd
onation wave are semitransparent. It seems
they are transparent in the range 0.4–0.6 µm
they absorb light in the range 0.6–0.85 µm, wh
they are called optically thick.

We carried out a mathematical inversion of t
equation of radiative transfer in order to determ
the temperature profiles and the absorption co
cient from the radiance measurements. The inver
method is of great interest to obtain temperature p
files during the SDT. With this approach, 80% of t
measured spectra can be retrieved. We discusse
measured emission spectrum and the computed
sorption coefficient obtained through classical em
sion models of solid particle and gases. It appe
that without precise data at high pressure and h
temperature, it is difficult to predict the effect of pre
sure on emission spectrum. Nevertheless, the in
sion method based on thermal emissivity enable
help interpreting the measurements and progres
in the modeling of the SDT.
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