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MaTepuanbHO-TeXHNYeCcKasa ba3a

MmnynbcHbi YAG:Nd3*—nasep LQ929 (SOLAR Laser Systems, r. MUHCK)
Pexxmnmbl paboTbl:
* Mogaynauua gobpoTtHocTH (14 Hc)
 (CBobogHana reHepauma (120 mkc)

XapaKTepUCTUKMN:

JHeprna B umnynbce go 1,2 [x

YacTtoTa cnepgosaHuna nmnynoscos o 10 Iy,
[eHepaumAa rapMoOHUK — 532 HMm, 355 Hm, 266 HMm



ANeKTpPOoHHbIN yckoputenb MNH-600

aHeprus anekTpoHoB 250 KaB;
NNOTHOCTb TOKa 0 3 KA/CM2;
ONNTENbHOCTL UMnyrbca 2-20 Hc.

CnektpodgotoxpoHoxpacg CX-1A (OO0 «Hay4Hble U cneu,vlaanble

NpeLn3nNoHHbIE NpUbopbl U cucTemMbl», I. Mocksa)

cnekTpanbHbi anana3oH 300-800 HM;
cnekTpanbHoe pa3pewieHne 10 Hm;
avanasoH pa3sepTkn 160 HC — 2 Mmc;
BPEMEHHOE pa3peLleHne oT 2 HC

PoTO3NEKTPOHHbIe YMHOXUTEeNnn Hamamatsu H-10707-21

LndposBbie ocumnnorpadnsl TDS 7404B (4 I'Tu), LeCroy WJ332A
(300 MI'u) .

Nbe3oakycTnyeckne npeodpasoBaTenmu

doToMeTpUYECKUN Wwap

Ananunsatop rasoB SRS QMS 30 (dnana3oH macc Ot 1 go 300 m.e.)



HAMPABJNEHUA UCCNEQOBAHUN

» JlazepHoe MHMUMUpOBaHUe B3pbiBa BB.

NcenepyloTcsa MexaHu3Mbl Npeobpas3oBaHUs SHEPTM NTa3epPHOro U3ny4YeHus Bo
B3pbIBYATbIX BELLIECTBAX, YTO MO3BONUT pa3paboTaTb HOBbIE
CBETOYYBCTBUTENbHbIE HAHOKOMMO3UTHbIE B3pbIBYaThie MaTepuanbl A4S
KOMMOHEHTOB 1 YCTPOWCTB creuuanbHOro HasHa4yeHus

« HenuHeWnHoe nornoweHue ANNeKTPOMArHUTHOro n3sny4eHus
HaHOYaCTUuuamMum MeTtTariyioB.

ccnepyroTca npouecchl NOrmnoLweHns anekTpoMarHMTHOro N3ny4vyeHns B
cuctemMe npospayvyHas Martpuua — HaHo4acTuua Metasnna, 4YTo no3BosimT
paspaboTaTtb HOBble Noaxoabl Anst PyHKUMOHMPOBAHUS LIESIoro Knacca
TEXHUYECKUX NPUNOXKEHUN, TAKUX KaK MepekniovarLuime ycTpomcTea nasepHom
ONTUKWU, CONHeYHble BaTapen, poTokaTtannsaTopbl, POTOCUHTETUYECKME U
NOMUHECLEHTHbIE CUCTEMbI

* HasepHoe nHUMUnnpoBaHme TepMmoxmmunyeCkKknx npoueccoB B yrnsx.

Nccnenytotes MmexaHn3mbl npeobpas3oBaHns SHEPrv NasepHoro U3ny4yeHns B
TBepAblX TONNMBax, YTO NO3BONUT pa3paboTaTb HOBble CNOCOObLI 3aXXUraHus
TBEepAoro Tonnmea

* HonyquMe CUHTEe3-rada u Boaopoda ua yrma un cycneH3M|71
MeTannnm4yecKmMx yactuy noa AemMcTtBmem na3epHoro n3fny4vyeHwus.

NccnenytoTcs MexaHnaMbl peakuuni obpasoBaHust CUHTE3-rasa B npoLeccax
nuponusa n rasugukaymm yrnemnm npu nasepHom Bo3g4encTBuM.



. Introduction

Laser initiation of explosives, as a scientific direction, arose in the USSR
at VNIIA named after V.I. N.L. Dukhov (Moscow) [1,2]. In Russia, studies of
the problems of laser initiation of explosives are currently being carried out at
TPU (Tomsk) [3], KemSU (Kemerovo) [4], RFNC-VNIIEF (Sarov) [5], RFNC-
VNIITF (Kommersk). Snezhinsk) [6], FRC UUH SB RAS (Kemerovo),
SPbGTI(TU) (St. Petersburg) [7] and other organizations.

Lasers began to be used to detonate explosives in the so-called light
detonators, whose noise immunity is much greater than that of electric
detonators. For example, in the United States, light detonators are used in
pyroautomatic systems of rocket and space complexes [8] and systems for

initiating artillery shells [9].
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MULTIFACTORITY OF LASER INITIATION OF
EXPLOSIVES

Characteristics of laser radiation (wavelength, duration, etc.)
Optical characteristics of the sample

The presence of light-absorbing or light-scattering inclusions
In the sample (defects, particles of metals, carbon-containing
particles).

Dispersion of inclusions

Initial sample temperature

Sample Density

Conditions for gas dynamic unloading. .



Development of a Model for Laser
Initiation of Explosive Decomposition of
Low-Absorbing Radiation Brisant
Explosives with Inclusions of Ultrafine

Metal Particles



Materials and equipment
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Structural formula of PETN

didoiorg/10.1021/jp312492v | 1L Phys. Chem. A 2013, 117, 6043=6051

TeTtpaHutpaTt neHTasputpuTa (T3H, PETN)

Xumunyeckasa popmyna (CH,ONO,),C
MonekynsipHass macca 316,2+10-3 kr/monb
[1110THOCTbL
MOHOKpucTanna 1,773 ricm®
Tonas 413 K (140 °C)
TBCI'IbILLIKVI 488 K (215 OC)

OpoBa, E. FO.Xumus u TexHonorus 6pu3anTHBIX B3peiBUaThixX BemecTB / E. FO. Opnosa / mog pex. JLb.
MscuukoBoit. — — JI.: “Xumus,” 1973.— 688c.
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Micrograph and histogram of PETN particle
size distribution
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Ultrafine metal particles
« Aluminum (gas-phase synthesis method, particle size at the distribution
maximum 120 nm, oxide content 27%

» Nickel (chemical synthesis particle sizes in the distribution maximum 280, 160,
130 nm, oxide content 12%)

* lIron (electroexplosive method, particle size at the distribution maximum 75 nm,

oxide content 25% Qups = —
Ql.l.hl'l {:Fgl':'ﬂ]]‘l
1.6 4
1.2 4
0.8 -
0.4 1 | Al
/\ d, Hm
0 — . .
0 200 400

Dependence of the coefficient of light absorption efficiency Qabs with a wavelength of 1064 nm by metal
inclusions Al, Ni, Fe in the PETN matrix



SAMPLE PREPARATION

Stirring with hexane in
ultrasound "Sapphire” 50W

=ample pressing

Sample in a copper frame
with a density of 1.73+0.03
g/cm3, 3 mm in diameter, 1
mm thick
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Methods for studying the optical characteristics of explosives with
inclusions.
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Scheme of the experimental setup for
Scheme of the experimental setup for determining the extinction index of
determining the transmission coefficients T and samples by the optical-acoustic method
reflection R of samples using the photometric [”]

] o 2

ball method [*]: 1 - pulsed laser (1064, 532 nm, 14ns) oom |

1 - laser diode (643 nm, 5 mW); 2 - neutral light filters, ) |

2 - millivoltmeter; 3 - focusing lens, ) mﬂ

3 — photometric sphere; 4 - sample in a copper holder, -

4 - diaphragm; 5 - acoustic delay, M Am e & . -
5 - swivel mirror; 6 - piezoelectric transducer, m\
6 - sample; 7 - beam splitter plate, ""L

7 — radiation receiver (PIN — photodiode); 8 - photodiode,

8 — entrance window; 9 - oscilloscope.

9 - reflector.

*Cnocob onpeganeds ONTHHECENE CEOWCTE HaHodacTiy I Matant Poccin M 25868838, 2016, / Jeexoe AL, Hypmyxawaroe [O.P., Soves B.0. . ,u,11
**MNyeea, B, 3 ampyas onmoasyetiea (B, 3. MNyces, A A Kapabytos — Mockea: Hayxa, 1891.



Study of the optical characteristics of
using the photometric ball method.

a heating element with inclusions

. 1
o ervsame K = [3k, (k, +k)] 2@
Kerr, CM™ p=1.73 rfcm® k, — absorption rate
. k, — scattering index
300 - 1. Scattering inclusions, weakly absorbing medium :
ku << kﬁ_ . ku = const ‘ k.:fr = [?’kﬂkg]m
200 ’ k,=0,n, l
. Ks=04Ns keﬂ‘2 ~ N,
contradicts the experiment
100 2. Radiation is absorbed by inclusions :
k, = g,N,. k. = 0.N,, N, =N, =n,
¥ s % Il',ﬂ,'E Ea s the Iight EhSEII‘pT.iCII'I cross section of
0 » T : . clusions
0 0.1 0.2 0.3

Dependence of the extinction index keff (»)
on the mass fraction of Al inclusions in the
sample.

Conclusion:
radiation is absorbed directly by
inclusions

* AA. KapaByTos, WM. Nenueanos, H.B. MNogemoea, C.E. Ckmnetpos MaMmepeHue onTHYECKUX XapaKTEPUCTUE PACCENBAIOWMY
cpen nazepHeiM ONTHED-AKYCTUYSCKWM MeToaomM /f KBaHTOBaRA anNekTpoHuEa. — 1999, — T, 28, Ne3d, — C. 215-220.
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rae o,, 0.— CEYeHWA NornoweHWA W paccedAHns,
COOTBETCTEEHHO

M,.N = KOHLEHTPALMKW BKMIOYEHWA NOrNOoLaoLLMX

W pacCenBadlLUWMX Wany4yeHwe, COOTBETCTEEHHO,
Ny,=nN,=nN
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+ .*::-'h_.ifz-:ﬁ_)]}5 ~n
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Nonlinear Effects of Absorption of Laser Radiation in a PETN with Inclusions.

L = (n;7;)"% rae n, = ko3 bUUNEHT TEMNERETYPONPOEOOHOCTH MaTPHULUbI
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Dependence of the amplitude of the
optical-acoustic signal on the energ
density of the laser pulse. Laser radiation
1064 nm. The insets show the dependence
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H,
Malem?
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Dependence of the extinction index keff on
the energy density of laser pulses. Laser
radiation 1064 nm.

in the energy range 0-0.1 J/cm2. O6paszey TaH+Al
p =1.73 rlcm3
Conclusion: At H = 0.1 J/cm2, the inclusions are heated, the d=1mm

extinction index increases, the heating element in the vicinity of X = 0.03 macc.%
the inclusions is heated to the decomposition temperature, the
chemical reaction is initiated, the gas escapes to the surface, 13

and craters are formed.



Influence of the Mass Fraction of Inclusions of Ultrafine Metal Particles on the Threshold of
Explosive PETN Transformation under Laser Exposure.
: Conditions for minimum blocking of gas dynamic
- .”“ 1064 HM, 14 Hc unloading
4 p _ YUCTIO 830p6ABUUUXCA O6p(131406

| R p= npu puxkcuposannom H
' ——d ] | yucio 0opasyos

o

|
|

Scheme of the e'xper'ir\nehtal cell. 05 -

The condition of minimal blocking of
gas-dynamic unloading is
implemented.

1 - copper plate with a pressed
sample;

2 - witness plate;

3 - massive base;

4 - glass plate;

LI - pulse of laser radiation.

0 -
0

Dependences of the explosion probability of
PETN-AI samples on the laser pulse energy

—H )2 density. Initiation by the first harmonic of a
(H) 1 1}1 —[AH) y neodymium laser.
pP = e t (7 _ . B B _
NN (7) 1-0.0252-1,3-0.054—0.55-0.3,

6-0.1,7- 0.2 wt.%.
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Influence of the Mass Fraction of Inclusions of Ultrafine Metal Particles on
the Threshold of Explosive PETN Transformation under Laser Exposure.
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Influence of the wavelength of laser radiation on the threshold of explosive transformation
of PETN with inclusions of ultrafine particles under laser exposure.

18 -
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14 -
12 -
10 -
E_

H.,, O#/cm?

o R B
|

Xay Yo
0.01 0.1 1 10

Dependence of the critical energy density
of explosion initiation Her on the mass
fraction of Al inclusions in the samples.

1 —1064 Hm; 2 — 532 HM

samples
p=1.73 rlcm?
1.0 - d=1mm
0.8 -
0.6 -
0.4 -
|
0.2 - 2
0.0 —T—— ..}{,ﬁ':,?{"
0.01 0.1 1 10

Dependence of the amplitude of the
optical-acoustic signal of the PETN-AI
samples on the mass fraction of Al
inclusions in the samples.

1 — 1064 um: 2 — 532 HM.
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Threshold and dynamic characteristics of explosive decomposition of
PETN-aluminum samples.

Tabnuua 3.
p, rlcm3 0.9 1.1 1.3 1.5 1.7
H,™", Dx/cm? 3.3+0.3 32+03 | 21+£03 | 1.0+£0.2 | 0.7+0.1
Xopt,» Macc % 0.6 0.5 0.4 0.3 0.2
V., km/c 4.8 +0.1 45+01 | 3.8+0.1 32101 | 24=+0.1
P o OTH.€A. 46 40 30 17 8
tax: MKC 4,3 4.6 5.3 5.7 6.1

P — sample density,

H_,m™n — minimum threshold for explosive decomposition
ofcsamples at the optimum mass fractiony,,,

V — air shock wave speed,

P,..x — maximum pressure value (in rel. units) SW in air,
t..x— reaching time P

max

P = Pmax ~ 1.7 Tlcm3

S=Snax
L = (1) 240 1m

p << pmax

AnuH, A. S. O neToHauu ¥ B3PHIBHOM TOPEHUHU B3phIBUATHIX BemecTB / A. S1. Anun // Jlokmansl
AH CCCP. - 1945. —T. 50. — C. 285-288.

Opaenko, JI. [1.®du3uka B3peiBa / JI. I1. Opnenko — Mocksa: ®U3MATIIUT, T1, 2004.



Spectral-Kinetic Characteristics Glow of Explosives with Inclusions of
Ultrafine Particles under laser exposure

1

Functional scheme of the experimental setup. 1 - neutral light filters, 2 - beam splitter, 3 -
rotary mirror, 4 - lens (F = 25 cm), 5 - experimental assemblé with the sample, 6, 8, 9 -
lenses (F = 10 cm) , 7 — spectral time slit, L — pulsed Nd:YAG laser, F — photodiode, FKh -
photochronograph, F‘ gnlychramatnr, SFC - VZGLYAD 2A spectrophotochronograph, BS
— synchronization unit, computer, PMT — photomultiplier multiplier.

18



1.0

0.8

0.6

0.4

0.2

0.0

T OTH.&q.

101 2 3 4 5 6 7 8 9 10

OBpa3seu
p=1.73rlcm?
d=1mm

Puc. 29. Full kinetics of the glow integrated over the spectrum, arising from the
explosion of PETN + Al samples.

1 — glow peak that occurs at the moment of exposure to a laser pulse,
2 - glow peaks occurring at a time of 0.5-10 ps.
The energy density of laser radiation is 2.5 Jiem2.
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1.0

0.8
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ananan

0 30 60 90

Glow kinetics at the moment of exposure to
a laser pulse.

1 — PETN-AIl, 2 — PETN-Ni, 3 —= PETN-Fe,
L is the laser pulse.
Laser radiation energy density 2.5 J/iem2

1.0

0.8

0.6

0.4

0.2

0.0

Experimental measurement of the spectral and kinetic characteristics of
the glow of a PETN with inclusions of ultrafine particles under laser
exposure (glow during laser exposure)

71, oTH.e0.

350 450 550 650 750

Emission spectra at the moment of
exposure to a laser pulse.

1 = PETN-AI, 2 — PETN-Ni, 3 — PETN-Fe.
Laser radiation energy density 2.5 J/em2

B. 1. Adyea, B, A Angress, A. 1T Husamas, A, A 3eexos, A B, Roaewckul ff Xusinveckad du3nna. — 2016, - T, 35 — MNe 11, - C. 26-36.
A B Konerckudl, M. B. Anaxesaa, A A, Jsexoe, A, 1. Hukumuos §f BHypsan TexHu-ecson fearen, — 2015 - T, B5 —He 3. - C 119-123. 20



Experimental measurement of the spectral and kinetic characteristics of
low of a PETN with inclusions of ultrafine particles, resulting from

the
the gevelupment of a chemical reaction after exposure to a laser radiation

pulse (glow of explosion products)

II I I ]
.&'EM]J'GG 24000 29000 34000

OTH.eq.
0.4 - Ca/M K
5 -
-6 -
0.2 - g
In(A°1) = In(eCy) - 7 (“2/,)
A B T = 3400 K
0 . . . . In(ASI)
350 450 550 650 750 -9 -

PETN-AI glow spectrum at 4 ps. Emission spectra in Wien coordinates.
Solid curve - experiment, dotted line -
linear regression.

| =eCA=/ [exp(CAAT) - 1] C, = 37418 Br-mkm*/cm?; C, = 14388 mkm-K.

npu CAAT == 1, mo
In(ASI) - In(eC,) = — C/(AT) 21



Model of Laser Initiation of Explosive
Decomposition of Low-Absorbing Radiation
Explosives with Inclusions of Ultrafine Metal

Particles

22



A). Absorption of laser radiation by metal
particles, heating of particles and adjacent
layers of explosives to a temperature above
the melting point of explosives. The particle
and its heated environment of explosives
are a "hot spot".
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B). For each type of inclusions in the
explosive sample, there is

« optimal mass fraction x_opt

« optimal size d_opt,

at which the laser explosion initiation
threshold H cr is minimal.




C). A necessary condition for the explosion is blocking the gas-
dynamic unloading of the sample. Varying the conditions of gas-
dynamic unloading of the samples makes it possible to change the
minimum threshold in the heating element by a factor of ~10.

The absorption of laser radiation energy at the optimal mass
fraction of inclusions occurs in the surface layer of the sample with
depth. As a result of the development of a chemical reaction in "hot
spots”, an increase in temperature and pressure occurs in the
irradiated layer, which leads to the appearance of a shock wave and
its propagation into the non-irradiated part of the sample. The
development of explosive decomposition in the non-irradiated layer
of the sample occurs according to the shock-wave mechanism.

N
npo3payHas
nnacTuHa

A A A
P NOBepPXHOCTHbINA cnoy obpasua ~ STOMKM T4

l ypiapHaﬂ Bom-‘a l

o6pa3eu, BB-BkaoYeHUsA 25




D). when the energy density exceeds the
threshold value, the explosive molecule
(PETN, hexogen) dissociates into an excited
NOZ2- radical and a residual Re radical.

PETN D*:-,F,f“' o- RDX - D%Tf” HMX
] | |
0 0O O N* N N
0 0" o |\ ) NN N— I
N 0 \\ ‘/ Q-
0 | ”
| + 5
D‘:-":"N:-‘*G- D{; MO_ D{ENHG_

R—NO, > R®+NO,®
26
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E). The NOZ2- radical fluoresces for a time of ~60 ns.

An exothermic chemical reaction occurs in the residual
radical Re, leading to the transformation of the sample
iInto gaseous products and an explosion. The process
takes place in the microsecond time interval and is
accompanied by a thermal glow with a temperature of T
~ 3500 K.

R—NO, > R® +NO,®

Fluorescence "1 & | \n
N ] || .--'?-'\-l'rl_- -
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A scientifically substantiated algorithm for obtaining materials based low-absorbing
radiation explosives with inclusions of ultrafine metal particles with minimal initiation
energy densities Hcr:

a. Calculate the absorption efficiency coefficient Qabs(d) depending on the size of
inclusions d of a certain metal in the matrix at a given density of a certain blasting
explosive (PETN, RDX, HMX, etc.) at the required laser wavelength.

b. Calculate the dependence Qabs(d)/d and determine the particle size dopt at the
maximum of the obtained dependence.

c. Using particles of the corresponding metal with sizes dopt, prepare samples of
explosives with different mass fractions of inclusions ¥.

d. Conduct optical-acoustic measurements of the dependence of the amplitude (U) of the
acoustic signal on the mass fraction of inclusions (x) in the sample.

e. From the obtained dependence U(X) determine the optimal mass fraction of inclusions
xopt corresponding to the maximum of the dependence U(¥).

f. Use samples of explosives with metal inclusions with optimal sizes dopt and optimal
mass fraction xopt in explosive experiments, which will give the minimum threshold for
laser initiation of an explosion Hcr at the selected density of explosives.
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Model validation using hexogen-based
composite materials (RDX) and inclusions of
ultrafine metal particles under the influence

of laser pulses.

RDX-Al and PETN-AI composites’ glow spectral kinetics at the explosion initiated with laser
pulse / B. P. Aduev, D. R. Nurmukhametov, I. Y. Liskov, A. A. Zvekov // Combustion and
Flame. — 2021. - T. 223. — C. 376-381.

Laser pulse initiation of RDX-Al and PETN-AI composites explosion / B. P. Aduev, D. R.
Nurmukhametov, 1. Y. Liskov, A. V. Tupitsyn, G. M. Belokurov // Combustion and Flame. —
2020. - T. 216. — C. 468-471.

NccnepgosaHne onTUYECKUX CBOMCTB KOMMO3NTOB rekcoreH--antommuni / b. 1. Adyes, . M.
benokypos, . P. Hypmyxamemos, Y. FO. Jluckos, H. B. HertobuHa, A. A. 3sekos, A. B.
KaneHckut [/ XXypHan TexHndeckon pusmkn. —2018. — T. 125 — Ne 11. — C. 600.
[MornoweHne MMnyrbCHOro fla3epHOro U3ny4yeHnsa KOMno3mMTamMmm Ha OCHOBE rekcoreHa u
HaHo4dacTuy anmntomunnuuna / b. 1. Adyes, [. P Hypmyxamemos, A. A. 3eekos, A. B. KaneHckud,
. IO. Jluckoe /] KBaHTOBas anekTpoHuka. — 2019. — T. 49 — Ne 2. — C. 141-144.
OnToakycTn4yeckoe uccrieqoBaHme n MogenmpoBaHue onTUYEeCKUX CBOMCTB KOMIMO3UTOB
LUKNOTPUMETUIEHTPUHNTPAMUH-YIbTPaaucnepcHole Yyactuubl HUKens / b. 1. Adyes, . P
Hypmyxamemos, A. A. 3eekos, H. B. HentobuHa, C. A. Co3uHos, A. B. KaneHckut, M. B.
AHaHbesa, E. B. MankuHa /| Ontuka u cnektpockonust. — 2020. — T. 128 —Ne 5. - C. 659. 29



Comparison of the experimental results and the
observed regularities on laser initiation of
composites based on PETN and RDX with

inclusions of Al, N1, Fe particles shows that the

proposed model well describes the explosive
decomposition of composites based on low-
absorbing radiation explosives with inclusions of
ultratine metal particles
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CNACWNBO 3A BHUMAHNE!




Cnacunbo 3a BHUMaHue!



BnusHWe maccoBoi onu BKIMHOYEHWIA YNETPaAUCNEPCHBLIX METANMMYECKWUX YacTUL Ha nopor
B3PbIBYATOrO NPeBpaLleHna TaHa Npy NasepHOM BO30ENCTBUMN.

Puc. 11. Cxema
IKCNEPUMEHTANEHOW AYelKKM ANng
YCNOBWA NONHOro
BnoKupoBaHKA
ra3oaMHaMU4ECKON Pasrpy3ku.

YcnoewAa nonHoro EJ'IGHI'IFIGEHHHH rasogiHaMHYec KOW

PaIrpy3KM
10 H..
Dowlcm?
L
L 1
] ‘l'-’lu,‘
0.1 " e o L IR 2
E B T T e L 1
0.01 | . Xan I“,.{}
0 0.5 1 1.5

Puc. 12. 3aBUCUMOCTW H,, ANA TaHa oT
MaccoBon gonw exnodeHwia Al B obpaaue
NPW PasnUYHbIX BHELHWMX CTATUHECKNX
AaBneHusax (cxema pwuc. 11):

1-17 MMa, 2 - 120 MMa, 3 — 288 MMNa.

33



AMI’IJ’IHT}',QEI dKYCTUYeCKOro CUrHana npu EGG,EI,&FICTEHH NnasepHoro hanyyYyeHWA B 3aBUCMMOCTIH OT
MaCCOBO# [0NW BKMIOYEHWIA B Pa3NNYHLIX YCNOBUAX rasoaMHaMnIeckoil pasrpyakv obpasyios.

u. v 10 18 H,,; Owiom? 1
3.0 -
2.0 -
1.0 -
a,
0.0 e 0 o X, %
0.01 0.1 1 10 ' ' ) ' ' '
0 0.2 0.4 0.6 0.8 1
Puc. 13. 3aemcuMocTe aMnNnuTyael CMrHana c
neesonpeobpasosaTensa oT MAcCOBOW A0NK Puc. 14. MNopory BapeIBY4aToro paznoMeHna, Nony4eHHbIe
Brno4eHWd Al B oBpasue. B pa3sHblx yCNoBuAX BNOKMPOBaHWA rasoguHaMU4ecko
1 = Np1 HaKpeITOR 0BNy4aemMoWl NOBEPXHOCTH pasrpyaki oT MAcCOBOR OONW BKIOYEHWRA Al
obpa3ua CTEKNAHHOW NNacTWHOW Be3 NPUNoXEHUA
Harpy3Ku; 1 — Ge3 AONONHUTENEHOR HarpyakK (puc. 8, 10)
2 - NPW HAKPLITOW 0BNy4YaeMon NOBEPXHOCTM 2 — naBneHue npuxaTtwa Ha obpazey 17 MMa (pwc. 11,

0bpa3ua CTeKNAHHOW NNACTUHOW C NPUINOXEHHON K 12);
HeW Harpyskon P =17 MMa.

Beieoa: Xapaktep 3aBucMmMocCTH H,, cyllecTBeHHO 3aBUCUT Kak OT X, TaK W
YCNOBMM rasogMHaMuU4eCcKOWN pa3rpy3km Kotopas obycnaBnuBaeT Xxapakrep 34
MaMeHeHMA daBnedHAa B cnoe nornolwueHAa 3aHepr.



Ans komnozumoe RDX-Ni uccnedoeaHbl onmuko-akycmu4eckue
XapakmepucmuKu 8 3agucumMocmu om pa3smepa eksirodeHuu Ni

400 - I.mB

100 4

200 -

(00 4

d. T

P Al
il L) 200 M)
Puc. 37. 3aBMCMMOCTb NoKasaTtens
3KCTUHKL MU kquqb n amnanTyabl
ONTUKO-aKycTuyeckoro curHana U ot
pa3smepoB BKNto4YeHun Ni B
komno3utax RDX-N.

25

L]
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W 50
cm Iﬁn |
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il-%ﬁ- Hl-LI J'I_'l'..'l tlliru lf_l*rJ 2-IH.l lg[r].l' ”“.‘:litl

Puc. 38. BnnaHne gnamertpa HaHo4acTuL
HUKENS Ha nNokasaTenb NOrnoLweHns
komnodntoB RDX-Ni. 1 —
9KCNepUMEHTAarbHbIE AaHHblE, 2 — pacyeT
Npu NpeHebpexxeHnn nopamu, 3 — pacyerT C
y4eTom nop anametpom 99 HM un
KoHUeHTpaumen 1.3-10'3 cm3, 4 — pacyet
Npn TEX XKE 3HAYEHUNAX CpeaHeN

Taknmm obpasom, npeanaraemasi Moaesb NRUMEHUMA, IM, MO U

NopUCTbIM 0bpa3sLam.

N\NUI1 II_I|UI L] |.Juu|
aucnepcuen 20 HM.
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JSKkcnepumeHmarsnbHO oripedesieHbl 3Ha4eHUs1 MopPo2068 83PbI84amo20
pa3/10)KeHuUs1 KoMno3umoe Ha ocHoee RDX u eknroyeHuUu memaissios
yJlibmpaoucrnepcHbIX pa3Mepos rnpu jia3epHoMm eozdelicmeuu u
ycmaHoeJs1eHbl UX C8513U C onnmu4YecKUMU U Ornmo-aKycmu4ecKumu

XxapaKkmepucmuku
> Hcr’ : ,,"["].-r:]::-:;'-.lj
J/em?
4 A 4 *
3 - 3 : +
2 - : ¥
1 1 1
X % d, um
0.01 0.1 1 0 100 200 300
Puc. 39. 3aBMCUMOCTN KpUTUYECKON SHEPTUN Puc. 40. 3aBMCUMOCTb NOPOroB
nHUUMMpoBaHus B3pbiBa (H,,) komno3nT RDX-
Al oT MaccoBoOM JOMNW BKITKOYEHUA antOMUHUSA B3PbIBHATOIO pasroxeHns Hcr npwu
(x) B obpasLe. nasepHoM MHNUMNpoBaHUA

komno3ntoB RDX-Ni oT pa3smepa

Nna komno3ntoB Ha ocHoBe RDX HabnoaaloTCHa Te XXe 3aKOHOMEPHOCTU, UTO U
TFOYCHVIVI INI B UU[.)d

BRJ SLIC.
ans KoOMno3uToB Ha OCHOBE T3HAa, KOTopble ONNCHIBAKOTCH B pal\'ﬁ‘xax
npeanoXeHHOU moaenu 36




BnuvaHWe AnuHbl BONHLI NA38PHOM0 M3Ny4eHUs Ha Nopor B3pbIBYaTOro NpeepalleHus TaHa ¢
BKITHMEHWAMM YNETPaanCnepcHelX YacTWL NPy NaszepHOM BO3OERCTBUM,

18 -
16 -
14 -
12 -
10 -

H.,, O#/cm?

o R B
|

Xay Yo
0.01 0.1 1 10

Puc. 19. 3aBUCUMOCTE KPUTUYECKOW
NNOTHOCTH 3HEPTMWM MHULWWPOBAHWA
B3pbiBa H., OT MacCoBOW OONK BKNHYEHWHA
Al B obpaauyax.

1 —1064 Hm; 2 — 532 Hm

Ofpa3zey
p=1.73 rlcm?
1.0 - d=1mm
0.8 -
0.6 -
0.4 -
|
0.2 - 2
0.0 — T ---}E”f'fr?a
0.01 0.1 1 10

Puc. 20. 3aBUCUMOCTE aMNNnTyab
ONTWKO-aKyCTUYECKOro curHana obpasuyos
TaH-Al OT MmaccoBoil Aonu BknNoYeHWd Al B
obpa3uax.

1— 1064 Hm; 2 — 532 HM.
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[ToporoBble U AMHAMUYECKME XapaKTEPUCTUKM B3PbIBYATOrO pasfoXKeHus
obpas3LoB T3H-aNMtOMUHUN,

Tabnuua 3.
p, rlcm3 0.9 1.1 1.3 1.5 1.7
H,™", x/cm? 3.3+0.3 32+03 | 21+£03 | 1.0+£0.2 | 0.7+0.1
Xopt,» Macc % 0.6 0.5 0.4 0.3 0.2
V., km/c 4.8 +0.1 45+0.1 | 3.8+0.1 32+01 | 24=+0.1
P ax OTH.€4. 46 40 30 17 8
taxs MKC 4,3 4.6 5.3 5.7 6.1

P — NINOTHOCTb 06pa3L|,a, T E L R

Hcrmm — MUHUMalbHbI l\/’l no p or B3 p bIB4aTO Eo . ) max
Pa3noXeHWst 06pa3LOB NPy ONTUMAnbLHOM MAcCOBOM A s - "
ROIM X opts ) = (™" =40 HMm
V — ckopoCTb yaapHOM BOSHbI B BO3AyXe, e T s ’
S R T
Pmax — MakcunmaribHoe 3Ha4YeHune aaBrieHnA (B SRR S p < pmax
OTH.eD,.)yBBBO3,D,yxe, e e : ltitiiiiatiiatititititiiiiicd
tmax - Bpe MA OOCTUXEHUA Pmax e A e P e S < S
e max
L
S T T R
S T T R
S T T R
S << S, .

e
'\.'\.\\\\\\\\\\\\\\\\\\\\\\\? 3

p << pmax

Anwn, A. 5. O neToHanyu U B3pbIBHOM TOpeHUH B3pbIBUaThiX BemecTB / A. SI. Anun // loxmanet AH CCCP. — 1945, —T. 50. — C. 285-288.

Opnenxo, JI. I1.dusuka B3psiea / JI. I1. Opnenko — Mocksa: DUSMATIIUT, T1, 2004.
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MaTepuanbHO-TeXHNYeCcKasa ba3a

MmnynbcHbi YAG:Nd3*—nasep LQ929 (SOLAR Laser Systems, r. MUHCK)
Pexxmnmbl paboTbl:
* Mogaynauua gobpoTtHocTH (14 Hc)
 (CBobogHana reHepauma (120 mkc)

XapaKTepUCTUKMN:

JHeprna B umnynbce go 1,2 [x

YacTtoTa cnepgosaHuna nmnynoscos o 10 Iy,
[eHepaumAa rapMoOHUK — 532 HMm, 355 Hm, 266 HMm



ANeKTpPOoHHbIN yckoputenb MNH-600

aHeprus anekTpoHoB 250 KaB;
NNOTHOCTb TOKa 0 3 KA/CM2;
ONNTENbHOCTL UMnyrbca 2-20 Hc.

CnektpodgotoxpoHoxpacg CX-1A (OO0 «Hay4Hble U cneu,vlaanble

NpeLn3nNoHHbIE NpUbopbl U cucTemMbl», I. Mocksa)

cnekTpanbHbi anana3oH 300-800 HM;
cnekTpanbHoe pa3pewieHne 10 Hm;
avanasoH pa3sepTkn 160 HC — 2 Mmc;
BPEMEHHOE pa3peLleHne oT 2 HC

PoTO3NEKTPOHHbIe YMHOXUTEeNnn Hamamatsu H-10707-21

LndposBbie ocumnnorpadnsl TDS 7404B (4 I'Tu), LeCroy WJ332A
(300 MI'u) .

Nbe3oakycTnyeckne npeodpasoBaTenmu

doToMeTpUYECKUN Wwap

Ananunsatop rasoB SRS QMS 30 (dnana3oH macc Ot 1 go 300 m.e.)
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HAMPABJNEHUA UCCNEQOBAHUN

» JlazepHoe MHMUMUpOBaHUe B3pbiBa BB.

NcenepyloTcsa MexaHu3Mbl Npeobpas3oBaHUs SHEPTM NTa3epPHOro U3ny4YeHus Bo

B3pbIB4ATbIX BeLWEeCTBax, YTO NO3BOJINT pa3pa60TaTb HOBbIE
CBETOYYBCTBUTESIbHbIE HAHOKOMIMO3UTHbIE B3PpbiBYaATblE€ MaTepuarbl A5
KOMIMOHEHTOB U yCTpOIZCTB cneunaribHoOro Ha3Ha4yeHus

« HenuHeWnHoe nornoweHue ANNeKTPOMArHUTHOro n3sny4eHus
HaHOYaCTUuuamMum MeTtTariyioB.

ccnepyroTca npouecchl NOrmnoLweHns anekTpoMarHMTHOro N3ny4vyeHns B
cuctemMe npospayvyHas Martpuua — HaHo4acTuua Metasnna, 4YTo no3BosimT
paspaboTaTtb HOBble Noaxoabl Anst PyHKUMOHMPOBAHUS LIESIoro Knacca
TEXHUYECKUX NPUNOXKEHUN, TAKUX KaK MepekniovarLuime ycTpomcTea nasepHom
ONTUKWU, CONHeYHble BaTapen, poTokaTtannsaTopbl, POTOCUHTETUYECKME U
NOMUHECLEHTHbIE CUCTEMbI

* HasepHoe nHUMUnnpoBaHme TepMmoxmmunyeCkKknx npoueccoB B yrnsx.

Nccnenytotes MmexaHn3mbl npeobpas3oBaHns SHEPrv NasepHoro U3ny4yeHns B
TBepAblX TONNMBax, YTO NO3BONUT pa3paboTaTb HOBble CNOCOObLI 3aXXUraHus
TBEepAoro Tonnmea

* HonyquMe CUHTEe3-rada u Boaopoda ua yrma un cycneH3M|71
MeTannnm4yecKmMx yactuy noa AemMcTtBmem na3epHoro n3fny4vyeHwus.

NccnenytoTcs MexaHnaMbl peakuuni obpasoBaHust CUHTE3-rasa B npoLeccax
nuponusa n rasugukaymm yrnemnm npu nasepHom Bo3g4encTBuM.
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MHOMO®AKTOPHOCTbL BO3AENCTBMA MMMYNBLCHOMO NASEPHOIO
N3NYYEHWA HA TOHKWE NONUKPUCTANNTMYECKWME KOMNO3WUTHLIE
SHEPITETMHECKWME MATEFPWATIBI B YCNOBWAX B3PLIBHATOIO
PASNOMEHWNA

Pa3paboTka Hay4yHbIX OCHOB M MOOENN B3pPbIBYATOrO
pasnoXeHns  cnabonornowawwmx  U3nydeHue

OpU3aHTHbIX BB C BKINKOYEHUAMU
yNbTpaanucnepcHbIX NaccUBUPOBaHHBIX
MeTannnM4yeckmx 4yacTuL, npu nasepHoMm

WHULMNPOBAHUN C YYETOM (PAKTOPOB, BNUAKOLWKMX HA
nopor MHMUMMpoOBaHWUA B3PblBaA.















