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Abstract: Laser ablated shock waves from compacted metal nanoenergetic 
powders of Aluminum (Al), Nickel coated Aluminum (Ni-Al) was 
characterized using shadowgraphy technique and compared with that from 
Boron Potassium Nitrate (BKN), Ammonium Perchlorate (AP) and 
Potassium Bromide (KBr) powders. Ablation is created by focused second 
harmonic (532 nm, 7 ns) of Nd:YAG laser. Time resolved shadowgraphs of 
propagating shock front and contact front revealed dynamics and the precise 
time of energy release of materials under extreme ablative pressures. 
Among the different compacted materials studied, Al nanopowders have 
maximum shock velocity and pressure behind the shock front compared to 
others. 
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1. Introduction 

Novel energetic materials have variety of applications in propellants, igniters, initiators in 
airbag gas generators, pyrotechnics etc. to name a few. For eg., Aluminum (Al) is used in 
rocket propellant formulations and also in combustion mechanism as it act as effective 
catalyst. Also Boron Potassium Nitrate (BKN) based pyrotechnic igniter is used as an initiator 
in airbag gas generator or propulsion. Due to the special properties of compacted powders, 
they are used in propellants, pyrotechnics, optical, biomedical and environmental engineering 
[1]. However, the major challenge is to reduce the hazardous emissions while the energetic 
materials undergo reactions converting the internal energy in to the kinetic energy for 
applications. Though variety of mechanisms was proposed to channelize the energy released, 
precise control of energy release from the energetic materials has been a challenging task. 
Nano energetic materials have started replacing the best known molecular explosives owing 
to the control of energy release by modifying the shape and size of the nanostructures [2–5]. 
Energetic Materials create temperatures and pressures of the order of 3000-10000 K and  
> 100 MPa respectively generally created under controlled laboratory conditions using 
Diamond Anvil Cell, shock tubes and gas guns [6,7] and rely heavily on the modeling and 
simulation to get overall reaction mechanism of the energy release. The development of high 
power table top laser systems associated with fast imaging techniques has given unique 
opportunity to study the kinetics of the material under extreme conditions, like phase 
transitions during energy release process of energetic materials with/without allowing 
propagation of chemical reaction, fragmentation, temperature during the reactions [3,5,8,9]. In 
addition, this approach allows us to control the energy extraction during the reactions. When 
the laser intensity is larger than the breakdown threshold of a specific material, a small 
portion of the material melts, evaporate and form a material plume. This plume expands and 
drives the background gas (in our case air) to a supersonic velocity forming a shock wave 
(SW). Understanding the evolution of SW has many applications out of which Laser ablation 
propulsion (LAP) is a new electric propulsion concept that gives a precise control over the 
environmentally hazardous emissions compared to chemical propulsion schemes and is being 
used in micro thruster applications [10–13]. Variety of materials such as metals (Al, Cu etc), 
polymers (PVC, triazene, polyvinyl alcohol, nitrocellulose, PVN, CH, CN, Nylon etc), 
polymeric CHO propellants, liquid layers on metal sheets excited with laser light of varying 
wavelength from UV to long IR regions of spectrum with varied pulse durations and modes 
were used for LAP [10–13]. In this paper, we present the evolution of laser ablative 
shockwaves (SWs) from compacted nanopowders of Al and Nickel coated Al to understand 
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the challenging aspects of laser-nanopowder interactions to explore their application potential 
for LAP [10,11]. To ensure the suitability of the compacted nanopowders for specific 
application, the results were compared with micron sized powders of Boron Potassium Nitrate 
(BKN), Ammonium Perchlorate (AP) and Potassium Bromide (KBr) compacted and studied 
under the same experimental conditions. 

2. Experimental details 

The evolution of laser ablated SWs from the compacted samples into surrounding air is 
studied using defocused shadowgraphy (SHW) imaging technique at different time delays 
after the shock inducing laser pulse. Defocused shadowgraphy gives not only the information 
about the expansion of plasma, propagation of shock front and ionization of vaporized 
material but also gives the information about the evolution of the dynamics of ejected mass 
from the ablated material getting converted into plasma that launches a shockwave in to the 
ambient medium [14,15]. The experimental schematic used in our study is depicted in  
Fig. 1(a). Second harmonic of Nd:YAG laser (INNOLAS Spitlight-1200) (532 nm, 7 ns,  
10 Hz) is focused using a plano-convex lens of 80 mm focal length in f/#10 geometry. The 
beam diameter at the focal plane is measured to be 140 ± 10 µm. The input laser energy is 
kept at 75 mJ per pulse leading to an intensity of 7 × 1010 W/cm2 on the surface of the sample. 
He-Ne laser (632.8 nm, CW, 25 mW, Thorlabs) was used as probe beam to capture the 
evolution of shock front (SF) and contact front (CF) in to the ambient atmosphere. The probe 
beam expanded to 15 mm captures the laser ablated SF and CF. As the probe beam passes 
through the plume, it gets refracted by a region with high density gradients causing dark and 
bright areas in the shadowgraphs. 

 

Fig. 1. (a) Experimental schematic of shadowgraphy, (b) synchronization of ICCD camera with 
the laser pulse, SEM images of compacted (c) Al and (d) Ni-Al nanopowders. 

The variations created by laser ablated materials in ambient air were captured by probe 
beam using an ICCD camera (ANDOR DH-734 with a minimum gate width or temporal 
resolution of 1.5 ns and spatial resolution of 13µm over 1024 × 1024 pixel array) was 
synchronized with the laser by triggering delay generator (SRS DG535) with Pockel’s cell 
(PC) sync pulse from Nd: YAG laser. This allowed us to overcome the inherent insertion 
delay of the ICCD camera. The delay between laser pulse and ICCD gate width was adjusted 
by using delay generator. The beginning of the laser pulse is taken as t = 0. The output from 
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delay generator was used to trigger ICCD camera to ensure capturing evolution of plasma 
created by every laser pulse and starts acquiring images, allowing shadowgraphs to be taken 
at any desired time delay. PC pulse (C1), gate width of the ICCD (C2), laser pulse (C3) and 
the delay of the ICCD gate width from t = 0, were monitored using an oscilloscope 
(YOKOGAWA DL9240L, 1.5 GHz, 10 GS/s) (Fig. 1(b)). A band-pass filter transparent only 
to probe beam is placed in front of the ICCD camera to eliminate background illumination 
due to ns laser pulses. The images were captured at various time delays with an initial time 
delay of 400 ns. Time-resolved shadowgraphs are used to understand the SW evolution 
revealing position of SF [16–18] and expansion of hot gas (CF) respectively. The Al 
nanoparticles of 70-110 nm dimension were procured form Advanced Powder Technologies 
LLC, ALEXTM. Nickel coating was done by an in house developed method [19] ensuring that 
a coating of 12 ± 3 nm was made on the nanoparticles. For the specific application of LAP 
and to compare with the regular energetic materials, the nanopowders were compacted under 
a load of 6 Tons to form pellets with dimensions of 1 inch in diameter and 1 mm thickness. 
Upon compaction the nanoparticles were observed to agglomerate giving a particle size in the 
range of 2-20 µm as shown in in Figs. 1(c) and 1(d) for Al and Ni-Al nanopowders, 
respectively, with uniform distribution of the particles along the material layer. The ablative 
shock waves from the compacted nano energetic powders were compared with that of BKN, 
AP and spectroscopic grade KBr powders compacted under the same conditions. The pellets 
were mounted on an electronically controlled XY translation stages (M-443, LTA-HA 
controlled by ESP-300, M/s. Newport) to ensure that fresh surface of the sample interacts 
with the laser pulse. 

3. Results and discussion 

The evolution of laser ablative shockwaves from the compacted powder pellets is compared. 
Figures 2(a)–2(f) show shadowgraphs for Al pellets at input laser energy of 75 mJ and time 
delays of 0.8, 2, 3.6, 5.6, 7.6 and 11.2 μs from t = 0 respectively. 

 

Fig. 2. Shadowgraphs showing shock front (SF) and contact front (CF) of Aluminum (Al) at a 
time delay of (a) 0.8 μs (b) 2 μs (c) 3.6 μs (d) 5.6 μs (e) 7.6 μs and (f) 11.2 μs at 75 mJ input 
laser energy. 

Each image has a spatial extent of 15.4 mm × 15.4 mm with a spatial resolution of ~15 µm 
(calibrated by imaging the output from a single mode optical fiber and comparing with a high 
resolution beam profiler with SP620U, Ophir Spiricon). The laser propagation direction (z) is 
from left to right. At each time delay, ten images were captured and averaged to obtain shock 
propagation distance (RSW). Each of the images captured during the SW process was imported 
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in to MATLAB® software and analyzed to extract the position of SF. After the calibration of 
the captured image was performed, the radius of the shock front (RSW) was measured for 
different pellets (Fig. 3(f)). The laser ablated material is observed to evolve with varying 
density gradients (as shown by a series of bright and dark fringes in Figs. 2(a)–2(f)) till  
3-6 µs. From the images, SW (outer discontinuous dark layer due to the changes in the 
refractive index caused mainly by the high density gradients) and the Contact Front (CF) (a 
white thick layer) which separates the ambient gas from material vapor generated by ablation 
can be seen clearly. Around 4 µs, a dark band representing compressed air detaches from the 
evolving ablated plasma and is launched in to quiescent air as SF. Two sets of fringes were 
located internally and externally with respect to the SW were observed. The interference 
between undisturbed probe rays passing out of the SW and those deflected by the shock rear 
produces the internal fine fringes, while the external ones are due to the interference between 
the slightly perturbed rays and those deflected by the shock leading front [14]. The emergence 
of internal fringes were observed until a time delay of 3-6 µs after which the fringes disappear 
once the SF (dark layer) gets detached from contact front of Fig. 2(d) leading to the 
oscillations of CF. Similar diffraction pattern of light and dark stripes at the earlier time scales 
of the ablation has been reported earlier [5,20]. These were attributed to the conversion of 
material in the solid phase into the gaseous phase [5] and due to intermittent material ejection 
at high temperatures [20]. 

 

Fig. 3. Shadowgraphs showing Shock Front (SF) and Contact Front (CF) at 7.6 µs delay from 
the laser pulse for (a) Aluminum (Al) (b) Nickel coated Aluminum (Ni-Al) (c) Boron 
Potassium Nitrate (BKN) (d) Ammonium perchlorate (AP) (e) potassium Bromide (KBr) and 
(f) Radius of curvature of shock front (SF) (RSW) at 75 mJ input laser energy. Lines are fit to 
the data using the CPC-PSET model for the hemispherical shockwave evolution from the 
targets. 

At around 7 µs, a secondary shock layer is observed to get detached from the contact front 
and propagate into the ambient atmosphere. The evolution of time dependent shock front is 
observed to be different for different targets. Figures 3(a)–3(e) show shadowgraphs at 7.6 µs 
delay from t = 0 for Aluminum (Al), Nickel coated Aluminum (Ni-Al), Boron Potassium 
Nitrate (BKN), Ammonium perchlorate (AP) and potassium Bromide (KBr) targets 
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respectively. Time dependent evolution of shockfront has been explained using variety of 
models beginning from Sedov-Taylor’s (S-T) classical Point Strong Explosion Theory 
(PSET) explaining the propagation in planar, cylindrical and spherical geometry [16–18], to 
the ones considering gas motion in Lagrangian form for spherical [21] and cylindrical [22] 
variable energy blast waves, laser induced plasma shock wave motion in air [23,24], laser 
induced phase explosions of solid targets [20,25] and gas phase effects in energetic materials 
[5]. PSET assumes that energy deposited at a point source propagates through the medium as 
a shockwave where the energy is released at a distance which is extremely large. From the 
temporal evolution of RSW, the energy released in the explosion that drives the SW (Es) and 
the nature of the SF expansion is estimated using the relation RSW = φo [Est

2/ρo]
1/(n + 2); where t 

is the time elapsed since the origin of the disturbance that generated the SW, ρo is the density 
of the ambient medium (1.184 Kg/m3) and φo is a constant dependent upon the specific heat 
ratio, γ (1.4), of the ambient medium [8–10] (SW nature: if n = 1 planar, n = 2 cylindrical and 
n = 3 spherical). In our experimental configuration, as we have used pellets, hemispherical 
SW’s are observed for all the targets. Hence, the energy driving the hemispherical SW  
Eh = 0.5 ES. The evolution of the RSW from the compacted powders is observed to follow two 
different slopes indicating two specific stages of evolution before and after the detachment of 
SF from CF (Fig. 3(f)). At the earlier times up to 2 – 3 μs, the variation of RSW is minimal 
(within 200 – 800 μm) for all the samples studied and observed to follow a planar nature. 
After the detachment from CF, SF is observed to accelerate faster into the ambient medium 
following spherical Sedov-Taylor solution. The faster acceleration of SF indicates the time 
scales around which phase explosions of the material from the nascent phase to the vapor 
phase occur [25]. The lines in Fig. 3(f) show the fit to the experimental data obtained using 
the CPC-PSET model for the hemispherical shockwave evolution from the targets. At earlier 
time scales S-T planar expansion (dash-dot lines) and at latter time scales S-T spherical 
expansion (solid dash) is observed [17,25]. At all the time scales, the acceleration of SF from 
compacted metal nanopowders (Al, Ni-Al) is observed to be faster compared to the other 
powders. The energy driving the hemispherical shock waves, Eh (in mJ) estimated by the fits 
is observed to be higher for Al followed by Ni-Al, BKN, AP and KBr. 

 

Fig. 4. Evolution of radius of contact front (RCF) from compacted nanpowders at 75 mJ of 
incident laser energy. Lines are guide to the eye. 

To understand the observed anomalous shock front behavior, the temporal evolution of 
contact front (RCF) that gives information about the expansion of the ejected mass [17] and 
believed to be the source of energy released was also studied for time delays up to 12 μs from 
t = 0 (Fig. 4). The CF gives insight into the phase changes occurring during the laser-material 
interaction, i.e., conversion of material from the nascent solid state to liquid state and then to 
vapor phase compressing the ambient atmosphere [15,17,25], hence releasing the SF. The SF 
is observed to get detached from CF at 3.2 μs and 3.6 μs for Al and Ni-Al pellets, 
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respectively. While for other compacted powders the energy released was observed later than 
5 µs. The oscillations of RCF at longer time scales indicate the ablation dynamics of the 
compacted powders giving an insight into the precise time of energy release. The faster 
launching of SF into ambient air indicates quicker release of kinetic energy from the Al,  
Ni-Al compacted nanopowders compared to other powders studied in this work. The RCF is 
observed to be higher for Al with a maximum radius of 3.1 mm compared to the other 
materials. Though Ni-Al has higher atomic weight compared to the Al nanopowder 
presumably leading to a higher ablative pressure [26], Ni-Al has a low ignition temperature 
compared to Al due to the intermetallic reactions between Al and Ni atoms [2,13]. Moreover, 
with ns pulses in the visible region, the skin depth of the radiation ensures that Ni coating 
(~15 nm) gets completely ablated shielding the Al particles to the incident laser beam, hence 
reducing the coupling of laser energy and the resulting ablation rate. 

The time dependent evolution of shock front (RSW) allowed us to directly measure the 
shock velocity (VSW). The pressure behind the SF (PSW) is estimated by using Counter 
Pressure Corrected Point Strong Explosion Theory (CPC-PSET) taking into account the 
pressure exerted by the ambient atmosphere on the propagation of shockwave [15–18]. 
Among the five different compacted pellets, the SW properties are observed to be higher for 
Aluminum (Al) with the maximum VSW and PSW of 6.2 km/sec and 38 MPa respectively and 
lower for KBr with the maximum VSW and PSW of 3.7 km/sec and 13 MPa respectively  
(Figs. 5(a) and 5(b)). Both velocity and pressure behind the SF are observed to decay due to 
the rapid expansion of the SW with time delay from the laser pulse. At 11.2 µs delay from the 
laser pulse, SW reaches the acoustic limit (346 m/sec) where the shock pressure reaches to 
atmospheric pressure (0.1 MPa). 

 

Fig. 5. (a) Velocity (VSW) and (b) Pressure (PSW) behind the shock front (SF) for the compacted 
materials. Lines are guide to the eye. The horizontal lines in the figures (a) and (b) represent 
the speed sound and pressure of ambient atmospheric air, respectively. 

The specific impulse, ISP taken as VSW/g, where g is the acceleration due to gravity for the 
compacted powders is in the range of 350 – 650 sec (Table 1). The ISP values of the 
compacted metal nanopowders are observed to be much higher compared to regular bulk 
metals [10–13]. This is due to the larger surface area offered by nanopowders that enhance 
coupling of laser radiation to the material layer leading to increased plasma temperature 
[27,28] that result in higher ablation and the associated shock emissions. 
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Table 1. Isp values for different compacted nanopowders at 0.4 µs delay from the  
laser pulse 

Material ISP (sec)
Al 634 ± 15
Ni-Al 591 ± 14

BKN 449 ± 11

AP 382 ± 9
KBr 373 ± 9

4. Summary and future scope 

Shadowgraphic imaging is used to study the laser ablative shockwave and contact front 
dynamics from different compacted powders in pellet form such as nano Aluminum (Al), 
Nickel coated nano Aluminum (Ni-Al), Boron Potassium Nitrate (BKN), Ammonium 
perchlorate (AP) and potassium Bromide (KBr) targets with ns temporal resolution. Among 
the five different materials, the SW properties are observed to be higher for nano Al followed 
by Ni-Al, BKN, AP and KBr. From the time dependent evolution of shock front and the 
contact front precise time of energy release from the materials and an insight into the 
dynamics of ejected material launching a shock into the ambient medium is obtained. This 
allows an option to control the energy release requirements as the shock front can either be 
accelerated or decelerated by choosing appropriate materials and compositions The ISP for Al 
and Ni-Al greater than 500 sec indicate the potential of these compacted metal nanopowders 
for microtrhuster applications that lead to environmental friendly applications of energetic 
materials. 
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