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This paper gives a description of a high-speed X-ray tomographic technique and the
results of its application to finding the density distribution of detonation products
of condensed explosives from measurements using synchrotron radiation. The data
obtained for a cylindrical charge of pressed TNT of diameter 12.5-mm and density
1.6 g/cm3 are compared with the results of solution of the corresponding gas-dynamic
problem of steady-state detonation. The experimental and computational results are
in satisfactory qualitative and quantitative agreement. The features of the employed
technique and the distribution obtained are analyzed. The technique as a whole and
the results obtained can be used to test and refine the known equations of state for
detonation products and to construct new ones.

Key words: explosives, synchrotron radiation, detonation, density distribution

INTRODUCTION

Although a considerable body of information has
been accumulated, steady-state detonation and the ex-
pansion of explosion products are still a subject of ex-
tensive experimental research. This is motivated by
both the development of new explosives (HEs) and the
need to refine available data on the characteristics of
conventional HEs and eliminate ambiguity in their in-
terpretation. Data on the expansion of detonation prod-
ucts are used to construct shock adiabats and to de-
termine the coefficients of the widely-used semiempiri-
cal equations of state and kinetics of detonation trans-
formation. A wide range of experimental techniques
based on various physical principles has been designed.
Studies, as a rule, have been performed with plane one-
dimensional detonation waves. Al’tshuller et al. [1] pro-
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posed a conditional division of all methods for study-
ing detonation processes into “external” and “internal.”
Without a detailed characterization of all the methods
used, we note that the most correct results are pro-
vided by “internal” nonperturbing methods (which do
not introduce perturbations into the processes studied),
among which X-ray techniques appear to provide the
fullest information.

X-ray techniques have long and extensively been
used to study the flow of detonation products [2–5].
Both perturbing (in X-ray measurements of the dis-
placement of foils placed in HEs) and nonperturbing
methods (in direct X-ray photography) have been im-
plemented. One of the parameters that can be studied
by such methods is the density distribution in the flow
studied.

Usually, the exposure duration is fractions of a mi-
crosecond and the spatial resolution is about 1 mm. The
divergence of X-ray beams produced by point sources
introduces additional difficulties into the interpretation
of the data obtained. Molitoris [6] employed improved
sources for X-ray generation, which provided an in-
creased temporal resolution of up to 25 nsec and a spa-
tial resolution of up to 0.1 mm.
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Advanced elementary particle accelerators produce
beams of various natures with a high penetration power
and unique spatial–temporal characteristics, including
nearly parallel beams. Therefore, using these facilities
is a promising direction for the fundamental improve-
ment of the spatial–temporal characteristics of the non-
perturbing diagnostic techniques for studying hydrody-
namic flows. In studies of shock-wave and explosive pro-
cesses in condensed media, the high penetration power
of beams allows, in some cases, the internal characteris-
tics of flow to be determined using tomographic meth-
ods.

Of the possible radiation-based approaches to det-
onation research, two methods — proton-beam and
synchrotron-radiation techniques — are now at the
stage of implementation [7, 8]. The first experiments
conducted with the use of proton beams are described
in [9, 10]. They demonstrated the possibility of using
proton radiography to study processes in condensed ex-
plosives. Much more progress has been made in the
investigation of detonation and shock-wave processes
using synchrotron radiation [8, 11–13]. A number of
problems of steady-state detonation, the dynamics of
formation of diamond particles, and deformation and
failure of inert media have been solved.

The present paper describes a synchrotron radia-
tion method and the results of using this method in
tomographic studies of the density distribution of the
expanding detonation products of condensed HEs. The
data obtained are compared with the results of solution
of a two-dimensional steady-state problem of detonation
product expansion.

EXPERIMENTAL SETUP

Synchrotron radiation (SR) allows one to imple-
ment a nonperturbing internal method for measuring
the spatial density distribution of detonation products
of condensed HEs. The synchrotron radiation technique
for studying detonation and shock-wave processes is set
out in detail in [8]; therefore, we shall only describe
the experimental setup. The employed setup (Fig. 1)
allows one to use the principles of X-ray tomography
and reconstruct the density distribution in detonation
products.

We studied the detonation products of cylindrical
charges of pressed TNT of diameter 12.5 mm and den-
sity 1.6 g/cm3, initiated at one end with a standard
detonator. The charges had a length of 60 mm, suffi-
cient to consider the detonation process steady-state.

The measurement region (the plane perpendicular
to the charge axis) was probed with a line-focus SR

Fig. 1. Experimental setup.

Fig. 2. Radial distribution of the radiation intensity
transmitted through the sample.

beam — a beam of X-ray nonmonochromatic radia-
tion with a flash time of 10−9 sec and a hardness of
10–30 keV. The quantity to be measured was the in-
tensity of the transmitted SR beam attenuated by in-
teraction with the material. The radial distribution
of the transmitted beam intensity was measured with
a DIMEX linear microstrip gas detector (see Fig. 1),
which consists of 256 sensing elements spaced 0.1 mm
apart and has the ability to store successive 32 frames
at 0.5 μsec intervals with an exposure time of ≈1 nsec.
Thus, the result of one experiment is an X-ray streak
“cinema” of duration 16 μsec with a spatial width of
the tested region of ≈25 mm.

DETERMINING THE AMOUNT
OF MATERIAL ON THE BEAM
FROM DETECTOR DATA

Traditionally, to obtain a tomographic image of an
object, one needs to perform a survey of an object at
several aspect angles. The use of charges of cylindrical
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Fig. 3. Diagram of processing of records of the radi-
ation transmitted through the sample (x and y are
the coordinates along and across the beam).

shape provided axial symmetry of the detonation prod-
uct flow, which allowed the radial density distribution
in the observed cross section of the charge to be recon-
structed using information obtained from just one as-
pect angle. Under the assumption of steady-state flow,
the total density distribution of the detonation products
is reconstructed [the function ρ(r, z) is plotted, where r
and z are the radial and axial coordinates].

The results of the experiments are distributions of
the radiation intensity transmitted through the tested
sample at various times. An example of the distribu-
tion is shown in Fig. 2. Using these data, it is required
to determine the radial dependence of the density of
the expanding detonation products at a particular cross
section. Generally, the intensity attenuation is deter-
mined by the multifactor interaction of the radiation
with the material, i.e., by the dependence of the ab-
sorption coefficient on wavelength, elastic and inelastic
scattering, ionization losses, bending of the beam path
on the charge–air boundary and inside the tested sam-
ple at density gradients, etc. The result is additional
affected by the nonlinearity of the detector and its com-
plex spectral sensitivity. As a result, even if all these
factors are incompletely taken into account, the energy
recorded by the detector from the beam l transmitted
through an object is given by the relation

Jl =
∫

E

D(E)J0l(E) exp
(
−

∫

l

μ(r, E)dr

)
dE,

where E is the X-ray energy, J0l(E) is the X-ray source
energy density along the beam l, D(E) is the coefficient
of absorption of radiation with energy E by the detec-
tor, and μ(r, E) is the linear coefficient of absorption
of radiation with energy E at the point r. For a fur-
ther simplification of the problem, it is assumed that
the degree of attenuation of the transmitted radiation
depends only on the integral of the density over the seg-

ment occupied by the explosion products and that the
beam propagates in a straight line. Then, introducing
the coordinates x and y in accordance with Fig. 3a, we
have

ln J0l − ln Jl(x, λ)

= a(λ)

√
R2

0−x2∫

−
√

R2
0−x2

ρ
(√

x2 + y2
)

dy

= 2a(λ)

√
R2

0−x2∫

0

ρ
(√

x2 + y2
)

dy,

where a(λ) is the absorption coefficient at wavelength
λ (a = const for monochromatic radiation). Given the
function a(λ), the problem can be reduced to solving
the equation

F (x) =

√
R2

0−x2∫

−
√

R2
0−x2

ρ
(√

x2 + y2
)

dy,

where the function F (x) (see Fig. 3b) is related to
J0l(λ), Jl(x, λ), and a(λ) in an obvious manner. The
change of variables r =

√
x2 + y2 reduces the equation

to the form

F (x) =

R0∫

x

ρ(r)
2r√

r2 − x2
dr, (1)

where ρ(r) is the required dependence of the density
on the radius and F (x) is the experimentally measured
shadow from a cylinder of radius R0 (see Fig. 2). It was
shown [14] that by further transformations, the solu-
tion of the problem of reconstructing the radial density
distribution is given by the formula

ρ(r) =
1
πr

d

dr

1∫

r

xF (x)√
x2 − r2

dx. (2)

Thus, under the assumptions formulated above, the
solution of the density reconstruction problem involves
no difficulties if F (x) is a smooth differentiable func-
tion. In fact, the experiment provides values of F (x)
in a discrete set of points, and these values are deter-
mined at a certain inaccuracy. Especially large errors in
the solution of Eq. (2) using experimental data are due
to inaccuracies in determining the derivative of F (x)
in (2). Since the resulting distribution ρ(r, z) depends
greatly on particular values of F (x) and its derivative,
an accurate reconstruction of this distribution requires
the development and implementation of complex algo-
rithms for regularizing the experimental data array and
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Fig. 4. Calibration curve for determining the
amount of the radiographed material.

solving the corresponding inverse problem. A relatively
simple computational-experimental method for solving
the problem in two stages was proposed to simplify the
reconstruction procedure. In the first stage, we de-
termined the mass of the material on the beam path
rather than the density. We used the above-mentioned
assumption that the degree of radiation attenuation de-
pended only on the mass of the material tested, i.e., we
assumed that

F (x) = f
( L∫

0

ρ(y)dy
)
,

where the unknown function f was determined experi-
mentally. From the data of the experiments, we plotted
the dependence of the recorded intensity on the amount
of the material (TNT) for each channel of the detector.
Homogeneous plates of various thicknesses (3–5 mea-
surements) were radiographed. The results of the de-
termination of the function are shown in Fig. 4. The
experimental data on the plane {ln(I/I0), ρl} are ap-
proximated well by the parabola

ln
Jl

J0l
= −0.66ρl + 0.03(ρl)2.

As a first approximation, the obtained dependence
can be considered linear with good accuracy. The cali-
bration curve plotted in this manner was used to deter-
mine the amount of the material on the beam based on
the measured transmitted intensity. The result of deter-
mination of ρl using the data of Fig. 2 is shown in Fig. 5.
By performing measurements in various cross sections of
the detonating charge, one obtains the complete spatial
distribution of ρl = ρl(r, z) using the method described
above. Such a surface for one of the experiments con-
ducted is shown in Fig. 6.

Fig. 5. Radial distribution of the amount of the ra-
diographed material reconstructed from the calibra-
tion dependence.

Fig. 6. Spatial distribution of the amount of the ra-
diographed material: 1) unreacted HE; 2) detonation
front; 3) detonation products.

RECONSTRUCTING THE SPATIAL
DENSITY DISTRIBUTION

In the second stage, the distribution ρl(r, z) was
reconstructed from the curves of ρ(r, z). According to
the general concepts of the gas dynamics of detonation
product expansion, the distribution of the parameters of
the products should be described by smooth functions,
and, hence, they can be are approximated by some ap-
propriate functions, in which the free parameters are
calculated so as to obtain the best fit to experimental
data. From the aforesaid, the distribution ρ(r, z) was
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Fig. 7. Interpolation grid for density reconstruction:
the squares indicate the points lying on the same
beam (z = const).

sought in the form of a cubic spline drawn through the
nonuniformly arranged nodes of a grid which was made
finer to the maximum radius of the expansion (Fig. 7).
The varied parameters are the density at each node, the
initial radius of the charge, and the maximum angle of
expansion of the detonation products in the system of
the front.

The grid density on the space and time coordi-
nates was such that the number of nodes was suffi-
cient for a good description of the experimental depen-
dences ρl(r, z) and the solution obtained was sufficiently
smooth. Grids with a number of parameters 20–40
were used. The parameters were chosen by minimiz-
ing the standard deviations of the calculated values of
ρl(r, z) from experimental values. The minimum of the
function of standard deviations was sought numerically.
The results of the density distribution reconstruction
are shown in Fig. 8. Figure 8b and c gives geometrical
images of the same function ρ(r, z) in two aspects, and
Fig. 8a gives the projection of the same surface onto the
spatial plane. The last image is equivalent to an instan-
taneous X-ray photograph of the detonating priming
charge obtained using the conventional X-ray technique,
e.g., in [4, 5]. In the photograph in Fig. 8a, one can see
the distinct boundary of the expanding products and
the trajectories of lateral rarefaction waves.

An advantage of the given method is that the func-
tion describing the spatial density distribution can be
constructed by using information from different time
layers and by combining data of different experiments.
In particular, the combination of the data of three ex-
periments in one of the cases increased the reliability of
the recorded parameters from a statistical point of view
and improved their temporal resolution. The properties
of the constructed distribution function allow it to be
extrapolated to some region of coordinate values located
beyond the region of experimental observation.

The proposed technique provides information on
the density distribution in the region of detonation
transformation and product expansion; however, the
current capabilities of beam generation and the exist-
ing detector parameters do not allow reliable data on
the chemical reaction zone to be obtained. Measuring
the density distribution in the chemical reaction zone
was a subject of a separate study. The temporal resolu-
tion along the charge axis obtained using a combination
of data from several experiment was estimated to be
≈0.2 μsec (1.4 mm). The spatial resolution along the
radius corresponds to the step of the grid used for den-
sity reconstruction. The boundaries of the charge and
the region of detonation product expansion were deter-
mined with an accuracy of ≈0.2 mm. The accuracy of
density determination was ±0.2 g/cm3, and at low gra-
dients and large statistics, it increased to ±0.1 g/cm3.

PROBLEM OF EXPANSION
OF STEADY-STATE DETONATION
PRODUCTS

We consider the problem of the expansion of
steady-state detonation products from the end of a
cylindrical HE charge in vacuum, which was solved ear-
lier with the aim of studying the asymptotic behavior
of the parameters of the products [15]. We ignore the
finiteness of the reaction zone and the real curvature
of the detonation front (the Chapman–Jouguet surface)
and assume that the Chapman–Jouguet surface is pla-
nar up to the boundary of the charge. From a gas-
dynamic point of view, the formulation of this problem
is equivalent to the problem of supersonic jet flow.

In a coordinate system moving at the detonation
velocity, the flow is described by the equations

∂v

∂z
− ∂u

∂r
= 0,

∂

∂r
(rρv) +

∂

∂z
(rρu) = 0,

u2 + v2 + 2h(ρ) = const = U2,
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Fig. 8. Spatial density distribution of detonation products: experiment (a–c) and calculation (d and e).

where z and r are the longitudinal and radial coordi-
nates, u and v are the corresponding velocity compo-
nents, h(ρ) is the enthalpy, and U is the maximum ex-
pansion velocity. The computation region is shown in
Fig. 9, where AO is the sonic surface, AB is the limiting
streamline, and Oz is the symmetry axis. The bound-
ary conditions are as follows: for z = 0 and 0 � r � r0,
u = D, v = 0, and ρ = ρCJ; for z > 0 and r = 0,

v = 0. In the neighborhood of the point z = 0, r = r0,
Prandtl–Mayer flow occurs.

The detonation products are assumed to be an ideal
polytropic gas with a constant polytropic exponent γ.
In this case, the limiting streamline AB is a straight
line directed at the angle

Θlim =
π

2

(√
γ + 1
γ − 1

− 1
)

.
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Fig. 9. Computation region for the problem of ex-
pansion of detonation products.

To solve the formulated problem of supersonic gas
flow, it is necessary, using the initial data specified on
the sonic surface (Chapman–Jouguet plane), to calcu-
late the flow parameters in a certain neighborhood AO
belonging to the region considered. In the neighborhood
of the point z = 0, r = r0, the sought solution should
be joined to the solution of the Prandtl–Mayer prob-
lem. Both preliminary steps in the calculations were
performed using the method described in [15]. The pri-
mary problem was solved numerically using a method
of characteristics. As an example, the calculation re-
sults for γ = 3.1 in the form of the surface ρ(r, z) are
shown in Fig. 8d and f (the same aspect angle as for the
experimental surfaces).

DISCUSSION OF RESULTS

In the experiments performed, in addition to gath-
ering data required to find the density distribution,
we recorded the evolution of the detonation wave pro-
file. This made it possible to determine the detona-
tion propagation velocity D. It was found that D =
6.95±0.05 km/sec. As noted above, the implementation
of the method does not allow the resolution of the flow
parameters in the chemical transformation zone. The
adiabatic exponent calculated from the maximum value
of the experimentally measured density of the products,
which was set equal to the density in the Chapman–
Jouguet plane, was γ = 2.9–3.2. Both values agree with
the data for pressed TNT for the same initial density
(see, e.g., [16, 17]).

Figure 8a–c gives data on the experimental den-
sity distribution in the form of the surface ρ(r, z) and
the projection of this surface onto the plane (r, z). Cal-
culated dependences (r, z) are given in Fig. 8d and e.
Despite the simplified formulation of the gas-dynamic

Fig. 10. Comparison of experimental and calculated
density distributions along the radius at various dis-
tances l from the detonation front: l = −2.4 (unre-
acted HE) (curves 1), 0 (detonation front) (curves 2),
2.4 (curves 3), 4.8 (curves 4), and 7.2 mm (curves 5).

problem (the assumption of the adiabaticity of detona-
tion products with a constant adiabatic exponent), a
visual comparison of the experimental and calculated
data shows that they are in good agreement. A more
correct quantitative comparison is performed in Fig. 10
and 11. The first figure gives radial density distribu-
tions at various fixed distances from the detonation
front. The experimental data differ from the compu-
tational results by not more than 10%, which can be
considered satisfactory, especially when taking into ac-
count the approximate formulation of the problem being
solved. At the same time, we note that near the bound-
aries of the charge, the behavior of the experimental
dependences differ from the calculated ones. The ex-
perimental curves show a certain increase or decrease
in the rate or density decay in this region. This seems
to be related to the departure of the radiation from the
initial path at the edge of the charge and not to the real
nonmonotonic density distribution. This feature of the
employed technique is reflected on distributions of the
transmitted radiation for radiography of the cylindrical
charge which has not yet detonated (1 in Fig. 10). This
explanation of the observed effect is supported by the
fact that it decreases and almost completely disappears
as the radius of expansion of the products increase.

In Fig. 11, the calculated and experimental density
distributions along the charge axis are compared for var-
ious fixed values of the radius. Distributions along this
coordinate appear in the solutions of one-dimensional
problems used to estimate the parameters of expanding
detonation product [18–20]. The data in Fig. 11a —
distributions of the parameters on the charge axis —
are the most comparable to such one-dimensional solu-
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Fig. 11. Comparison of the experimental and cal-
culated density distributions along the longitudinal
coordinate.

tions. According to the classical detonation model, the
steady-state chemical reaction zone of a plane detona-
tion wave is followed by a self-similar rarefaction wave
[18, 21]. In this case, the curves given in Fig. 9a should
be nearly linear [linear for γ = 3 and exponential with
an exponent of 2/(γ− 1) for the other values of γ]. The
calculated curve is indeed almost linear beginning at
z > 2 mm. The experimental curve is in worse agree-
ment with a linear density distribution along the coor-
dinate.

As was found in the experiments, the real steady-
state detonation parameters referred to the Chapman–
Jouguet plane and the width of the chemical reaction

Fig. 12. Comparison of experimental and calculated
density distributions along the z axis: points 1 refer
to the experiment and points 2–6 refer to calculations
for γ = 2.9, 3.0, 3.1, 3.2, and 3.3, respectively.

zone can vary widely depending on experimental condi-
tions [3]. An analysis leads to the conclusion that the
detonation wave structure postulated in the detonation
model can be reached only asymptotically. In prac-
tice, an unsteady process occurs, in which the width
of the chemical reaction zone is not constant and the
Chapman–Jouguet plane moves relative to the shock. It
has also been shown [22] that the effect of the unsteadi-
ness of the chemical reaction zone on the detonation
product flow parameters is limited by a region of the
order of about five characteristic sizes of the zone. For
the HE used in the experiments considered, the chemical
reaction zone is ≈1 mm [16]. These circumstances may
influence the nature of the axial distribution observed
in the experiments since the region considered is close
to the reaction zone. At r = 3 mm, the experimental
and calculated curves for z > 4 mm are much closer to
each other, and at r = 5 mm, they almost coincide even
for z > 2 mm. Apparently, an increase in the degree
of unloading of the products leads to an increase in the
degree of their equilibrium and agreement with the adi-
abatic approximation. The above-mentioned edge effect
makes an additional contribution to the behavior of the
experimental curve. At the same time, the deviation
from self-similarity becomes more and more consider-
able.

The systematic deviation of the calculated curves
from the experimental curves is irrelevant to the choice
of a particular value of γ for calculation. This follows
from a comparison of the experimental density distri-
butions with the calculated ones obtained for various
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values of γ from the above-mentioned range. This is
illustrated by Fig. 12, which gives density distributions
along the axis calculated for various values of γ. The
results for r �= 0 are similar.

In real experiments, including ours, the non-one-
dimensional nature of the process plays a significant role
in the distribution of the parameters of the expanding
products. In this case, it should be taken into account
that in addition to the radial expansion under the ac-
tion of the rarefaction wave propagating from the lateral
surface of the charge, another factor that influences the
distribution of the parameters is the detonation-front
curvature intrinsic in charges of finite diameter, espe-
cially in charge of relatively small diameter.

We note that to refine and derive the equations of
state for detonation products, one does not need to use
the parameters in the region influenced by the nonsta-
tionary nature of the chemical reaction zone; the more
so as these equations link characteristics in the state
of thermodynamic equilibrium. In this connection, the
determination of the range of equilibrium parameters
should be an important point in the analysis and inter-
pretation of the data obtained.

The tomographic reconstruction of the density dis-
tribution of the detonation products became possible
due to the symmetry of the process. In practice, there
are many factors that violate the flow symmetry. The
main of them are apparently the inhomogeneity of the
charges used and the instabilities due to the expansion
of detonation products. The extent to which these fac-
tors influence the accuracy of reconstructing the density
dynamics has not been completely clarified, but the re-
sults of the study demonstrate that the density distri-
bution was reconstructed with reasonable accuracy.

CONCLUSIONS

A technique implementing the capabilities (de-
scribed in [8]) of synchrotron radiation for studying
explosive and shock-wave processes was described. It
uses X-ray tomography principles and involves a two-
stage reconstruction of the density distribution of the
expanding products of steady-state detonation with the
construction of a calibration curve describing radiation
absorption by the material. This method was employed
to construct a spatial density distribution function for
the detonation products of TNT with an initial density
of 1.6 g/cm3. The corresponding gas-dynamic problem
is solved in an adiabatic approximation. A comparison
of the results of the experiments with calculated data
showed that their were in satisfactory agreement in a
region fairly close to the detonation front. At the same

time, systematic differences were observed, which might
be caused by the neglect of the detonation-front curva-
ture in the calculation and the real nonequilibrium of
the products due to the effect of the chemical reaction
zone, whose existence was indicated in [22].

The technique as a whole and the results obtained
can be used to test and refine known equations of state
of detonation products and construct new ones. It
should be noted that the method is suitable for studies
of the behavior of low-density inert media under shock-
wave loading, such as those studied in the experiments
of, e.g., [23].
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