Technical Physics Letters, 2022, Vol. 48, No. 7

03.5,09.1

The emission spectrum of the ballistic gel impacted by the projectile
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Results of studying the glow that occurs when a bullet passes through a ballistic gel are presented. This
phenomenon is all the more interesting as the glow occurs in various areas of the gel, including those that have not
contacted directly with the bullet. The emission spectrum of the gel consists mainly of a continuous component
with atomic lines superimposed on it. The continuous component can be explained in different ways: one of the
options is thermal radiation; however, the description of the observed phenomenon as luminescence is also not

improbable.
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Glowing of mechanically impacted liquids is a rather
old problem that has not been solved yet. The best
known type of glow is sonoluminescence [1,2] that is the
liquid glow under an ultrasonic impact. This phenomenon
discovered in 1934 was observed in many easily realizable
experiments; however, a rigorous theoretical proof for this
process is still not available. By at least outward appearance,
sonoluminescence is resembled by hydroluminescence [3]
that is a liquid glow occurring under a high pressure in a
narrow channel. Generally, such a glow can arise under
various conditions (for instance, authors of [4] investigated
the glow taking place during a collapse of a bubble created
by a laser—induced spark).

One of the most exotic cases of the glow appearance in
condensed matter is a flash in the ballistic gel after bullet
passage through it. This phenomenon is observed quite
frequently; however, to our knowledge, it has not been
yet studied scientifically. Investigation of cavitation caused
by the bullet—target interaction is a quite well—developed
research area (see, e.g., [5-7]); however, we are interested
in only one of specific aspects of such a cavitation, namely,
glow generation.

In our experiments, ballistic gel produced by ,Tech-
noChemProduct” (Saint-Petersburg) was used as a target.
Density of the ballistic gel that is a thermoelastoplast
species equals 852kg/m?; its exact chemical composition
is a commercial confidentiality. The gel samples were
150 x 150 x 400 mm in size; the shot was made in a
standard manner, i.e. along the longest sample side.

The shot was made from a rifle using cartridge BPZ
FMJ 8.0g 7.62 x 39, the bullet speed at the muzzle outlet
was 749 + 7m/s. The bullet was coated with copper. At
the moment of shooting, the rifle muzzle end was at the
distance of 3 m from the gel.

Spectroscopic measurements were performed using spec-
trometer AvaSpec-2048 that is a sensitive diffraction spec-
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trometer 24nm in resolution; its operating spectral range
is 200 to 1100nm, however, the range edges are rather
noisy. The process was visualized by using a high—speed
camera Phantom VEO-E 310L with the frame frequency of
1000 fps. Below are described the results of an experiment
in which video recording was performed concurrently
with the spectrum measurement (the spectrum was being
collected during the entire experiment).

The bullet flight within the gel sample is accompanied by
its strong deformation. First, an irregularly shaped cavity
arises within the gel along the bullet flight path; second,
deformation occurs even in gel areas not contacting the
bullet directly. The last fact is not surprising: the flying
bullet generates within the gel expansion—compression
waves that, among other things, reflect from the gel surfaces.

The gel sample deformation gives rise to bright flashes
inside it; the flashes are observed for a relatively long
time. Notice that the glow does not occur while the bullet
remains inside the gel, it appears later during the sample
deformation. Fig. 1,a demonstrates the gel glow in 16 ms
after the shot when the bullet has already left the sample
under study. It is worth noticing that the glow arises also
in the gel zones that have not contacted the bullet directly
(Fig. 1, b, in 59 ms after the shot).

To interpret the emission spectrum, it is important to
know the gel absorption coefficient u that helps describing
the emission attenuation by factor exp(—ux), where X is the
distance the emission has passed within the gel. Since the
emission may reach the spectrometer after, e.g., a series of
internal reflections, X may exceed the sample thickness. We
have measured the absorption coefficient y during the gel
illumination with a continuous—spectrum emission source.
The results are presented in Fig. 2.

The gel emission spectrum is shown in Fig. 3,a,b. One
can see that the most pronounced spectrum ,,dip“ coincides
with the spectral range of the most intense gel absorption
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Figure 1. The glow of the gel impacted by a bullet: in 16 (a)
an 59ms (b) after the shot. In panel b, the image brightness and
contrast are modified.
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Figure 2. Spectral absorption coefficient of the gel under study.

(wavelengths of 900—950nm). The spectrum consists
almost fully of a continuous component on which rare
atomic lines are superimposed. Apparently, the emission
is defined by the dynamics of the cavitation pockets arising
and collapsing in the gel (as in case of the sono— or hydro-
luminescence); however, interpretation of the continuous
spectrum may be different in different specific cases.

First of all it is necessary to check the observed spectrum
adequacy to the black body radiation function taking into
account that at the moment of the flash the cavity collapse
temperature increases (assumably) from the initial room
temperature T, to a certain maximal value Tp,x and then
decreases back to Ty, (and does not merely equal Tiax).
Assuming that the heating and cooling rate is uniform, it is
possible to replace the time integral with the temperature
integral and to consider the spectral function as

Tmax
_ 2Aexp(—ux) / C dT
Tmax — Tmin 23 exp(cy/AT) — 17

min

1(2) (1)

where the integrand is the Plancks$ function;
¢ =2rhc® =3.74-107"°W . m?,

c;=hc/k=144-10">m-K

are the Plancks coefficients. Notice that the
room—temperature contribution to the emission is, certainly,
negligible; however, formula (1) as a whole gives a spectrum
strongly different from the Plancks curve with T = Tax.

Fig. 3,a presents the results of comparing the ex-
perimental spectrum with curve (1) for Ty, = 300K,
Tmax = 4500 K, X = 30 cm; parameter A was selected, along
with others, so as to ensure the best agreement with the
experiment; the integral in (1) was calculated numerically.
As expected, to describe the most significant spectrum
»dip*“ in the infrared range, it is necessary to set a
dimension exceeding the gel sample sizes since the emission
was detected after internal reflections. The presented
temperature values are of the estimation character; since
the experimental spectrum is highly noisy, it seemed
unreasonable to calculate the quantitative characteristics of
the mutual adequacy of the spectra, e.g. the correlation
coefficient. The Tp.x determination error is doubtlessly
about several hundreds of kelvins.

However, the ,thermal hypothesis“, according to which
the cavity flashing is caused by its strong heating at the
stage of collapse, is not the only one. In work [§],
the continuous spectrum observed during the sono— and
hydro-luminescence in glycerin resembled, more likely,
flashing of the excited luminescence center: a single peak
corresponding to a certain transition energy and significantly
broadened due to the uncertainty of this energy in a
condensed matter. In the first approximation, the peak may
be regarded as an energy—dependent Gaussian [8], which
allows obtaining an expression for the spectral emission
intensity distribution by wavelengths:

2
(1) = A/1—13 exp l—(% - f—o) ] exp(—ux). (2)

This expression describes the luminescence center flash-
ing with the mean wavelength Ap; the line smearing is
characterized by parameter §, amplitude A is, as before,
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Figure 3. The ballistic gel emission spectrum in comparison with
the black body radiation curve (1) (@) and luminescence center
flashing curve (2) (b).

selected so as to ensure the best agreement with the mea-
sured emission intensity. Fig. 3, b illustrates the experimental
spectrum comparison with expression (2) at 1o = 1070 nm,
6 = 1700 nm, X = 20 cm.

In discussing the ,lJuminescent” hypothesis, it is necessary
to consider the question concerning the possibility of
the gels own luminescence. For instance, hydrodynamic
luminescence of machine oil I-40A was shown in [9] to
be greatly caused by ordinary luminescence of this oil: a
similar emission spectrum was observed in the case of
photoexcitation. We have failed to attain photoluminescence
of the studied gel; this means that in this case it is possible to
consider only the hypothesis proposed in [8] which suggests
formation of certain specific luminescence centers on an
oscillating interphase surface.

As Figs. 3,a,b show, both theories can equally satisfac-
torily explain the observed continuous spectrum of the gel
glow. Finally, to our mind, the question of the physical
nature of the ballistic gel emission remains so far open.
Possibly, some other hypothesis will appear to be true.

Technical Physics Letters, 2022, Vol. 48, No. 7

Conflict of interests

The authors declare that they have no conflict of interests.

References

[1] V.A. Borisenok, Acoust. Phys., 61 (3), 308 (2015).
DOL: 10.1134/S1063771015030057

[2] D. Biryukov, D. Gerasimov, E. Yurin, Cavitation and associ-
ated phenomena (CRC Press, Oxon, 2022).
DOL: 10.1201/9780367853495

[3] D.A. Biryukov, D.N. Gerasimov, in Triboluminescence, ed by
D.O. Olawale, O.OI. Okoli, R.S. Fontenot, W.A. Hollerman
(Springer, Cham, 2016), p. 95.
DOL: 10.1007/978-3-319-38842-7_5

[4] L Akhatov, O. Lindau, A. Topolnikov, R. Mettin, N. Vakhitova,
W. Lauterborn, Phys. Fluids, 13 (10), 2805 (2001).
DOI: 0.1063/1.1401810

[5] L. Susu, X. Cheng, W. Yaoke, W. Shu, Z. Jingling, Z. Xinkai,
Int. J. Impact Eng., 122, 296 (2018).
DOI: 10.1016/j.ijimpeng.2018.09.006

[6] VR. Feldgun, D.Z. Yankelevsky, Y.S. Karinski, Int. J. Impact
Eng, 151, 103837 (2021).
DOI: 10.1016/j.ijimpeng.2021.103837

[7] Z. Guo, W. Zhang, X. Xiao, G. Wei, P. Ren, Int. J. Impact Eng.,
49, 43 (2012). DOL: 10.1016/j.ijimpeng.2012.04.004

[8] LA. Belyaev, D.A. Biryukov, DN. Gerasimov, Opt. Spectrosc.,
125 (1), 42 (2018). DOIL 10.1134/S0030400X 18070056

[9] D.A. Biryukov, M.L. Vlasova, DN. Gerasimov, O.A. Sinkevich,
Opt. Spectrosc., 114 (5), 704 (2013).
DOI: 10.1134/S0030400X13050032



