
ROLES OF SHOCK-INDUCED IONIZATION DUE TO >10 KM/S IMPACTS ON EVOLUTION OF 
SILICATE VAPOR CLOUDS.   
K. Kurosawa1,2, S. Sugita1, T.  Kadono3, K.  Shigemori3, Y.  Hironaka3, N. Ozaki4, A. Shiroshita3, Y. Cho5, T. Sa-
kaiya6, S. Fujioka3, S. Tachibana5, T. Vinci7, R. Kodama4, and T. Matsui8, 1Graduate school of Frontier Sci., Univ. 
of Tokyo (Kashiwa, Chiba 277-8561, JAPAN, kurosawa@astrobio.k.u-tokyo.ac.jp), 2Japan Soc. for the Promo. Sci. 
(Chiyoda-ku, Tokyo, JAPAN), 3Inst. of Laser Eng., Osaka Univ. (Suita, Osaka, JAPAN), 4Graduate school of Eng., 
Osaka Univ. (Suita, Osaka, JAPAN),  5Graduate school of Sci., Univ. of Tokyo (Bunkyo-ku, Tokyo, JAPAN),  
6Graduate school of Sci., Osaka Univ. (Toyonaka, Osaka, JAPAN), 7LULI, Ecole Polytech. (Palaiseau Cedex, 
France), 8Planetary Exploration Center, Chiba Inst. of Tech. (Narashino, Chiba, JAPAN). 
 
 
    Introduction: Impacts are among the most funda-
mental processes during the evolution of planets [e.g., 
1]. Generation of impact-induced silicate vapor clouds 
may have played important roles in the origin of the 
Moon [2, 3], prebiotic organic synthesis [4], and at-
mospheric erosion on the early Mars [5]. Such impact-
driven processes, however, have not been understood 
well because energy partitioning process during im-
pacts is still unknown. Silicates are expected to be-
come dense plasmas due to intense impact compres-
sion. Laboratory experiments are practically the only 
way to investigate thermodynamic behavior of shock-
induced silicate plasmas because physical properties of 
dense plasmas exhibit strong material dependences. 
    In this study, we conducted shock-compression ex-
periments using a high power laser and carried out in-
situ spectroscopic observations of silicate vaporization 
from the end of compression phase to adiabatic expan-
sion to understand energy partitioning process during 
hypervelocity impacts.   
    Experiments: We carried out shock-induced silicate 
vaporization experiments at GEKKO XII-HIPER facil-
ity of Institute of Laser Engineering of Osaka Univer-
sity. Detail of the facility is described by [6].  
    The experimental conditions are summarized as fol-
lows. The laser energy, wavelength, duration and spot 
size are 1030 J, 351 nm (3rd harmonic light of Nd:YAG 
glass laser), 2.5 ns, and 600 µm, respectively. Thus, 
the intensity of laser is 150 TW/cm2.  A target has 
three layers: 20 µm of plastic ablator, 40 µm of Al 
plate, and 100 µm of diopside (CaMgSi2O6). First, we 
irradiate a laser pulse to the plastic ablator. Then, ex-
tremely high pressure and temperature plasma is gen-
erated, and it absorbs most of the laser energy. Then, 
strong shockwave generate within the Al plate due to 
rapid expansion of the plasma. Subsequently, a shock-
wave propagates from the Al plate to the diopside tar-
get. The Al plate blocks pre-heat of the diopside target 
by hard x-ray emission due to laser ablation. Diopside 
is one of the most suitable materials for spectroscopic 
observations because of its transparency and elemental 
composition. There are a number of strong 

atomic/ionic emission lines of Ca, Mg, Si, and O in 
visible range. The flash from shock-heated silicates 
was observed with two spectrographs. The first one 
was connected to a streak camera (Hamamatsu, 
C7700) for time-resolved observation.  The other was 
incorporated with an ICCD camera (Roper-Scientific, 
PI-MAX) for time-integrated observation. The field of 
view of both spectrometers was ~400 µm in diameter 
slightly smaller than the spot size of the laser pulse.  
    We also conducted calibration experiments for irra-
diance and wavelength of both spectrometers using a a 
mercury lamp and a NIST-traceable tungsten-halogen-
quartz lamp. 
    The change in the spectral content: We success-
fully obtained a time-resolved emission spectrum from 
shock-heated silicates. Fig. 1 shows a 3-D representa-
tion of the time evolution of emission spectrum. The 
exposure time was from -50 ns to 450 ns after the laser 
shot. The observed range of wavelength was 360-720 
nm. We observed the change in emission spectrum 
from strong blackbody radiation into a number of 
emission lines. First, ionic emission lines of O+ at 407 
nm and 465 nm with significant broadening were ob-
served. Then, ionic emission lines of Ca+, Mg+, and Si+ 
are observed. Finally, atomic emission lines of Ca and 
Mg were appeared. Although the observed range of 
wavelength covers the regions for molecular band 
emission of CaO and MgO [7], they were not observed.    
    Peak shock temperature and pressure: We carried 
out Planck function fitting of the strong continuum at 
immediately after the laser shot (the left panel of Fig-
ure 2) to estimate the peak shock temperature, resulting 
in (2.0±0.2) x 104 K.  
    Vapor temperature and electron number density: 
We analyzed a number of emission lines to estimate 
the time evolution of temperature T and electron num-
ber density ne of the shock-induced silicate vapor cloud. 
We conducted spectral line fitting of observed emis-
sion lines using theoretical synthetic spectra with dif-
ferent T  and full width at half maximum (FWHM). An 
example of spectral fitting of two O+ lines is shown in 
the right panel of Fig. 2. We can obtain the ne of the 
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silicate vapor cloud using the FWHM [e.g., 8, 9]. Fig. 
3 shows the T and ne of the silicate vapor cloud as a 
function of time. We considered instrumental and 
quadratic Stark broadening of ionic emission lines of 
O+ at 465 nm and Si+ at 413 nm. The Stark parameters 
used in this study are given by [8, 10]. 
    Discussion: Alyhough we attempted to estimate the 
shock pressure using VISAR measurements, a clear 
signal was not observed during this series. Thus, we 
approximately estimate the peak shock pressure from-
laser pulse intensity using an 1-D hydrocode (ILESTA 
[11]) including interactions between photons of the 
laser pulse and the laser-induced high-temperature 
plasma. We calculated peak shock pressure with the 
same target structure used in the experiments, suggest-
ing that the peak shock pressure achieves ~1 TPa at 
150 TW/cm2 of laser intensity. We calculate peak 
shock temperature with the Dulong-Petit limit of iso-
choric specific heat, suggesting that it should be 6 x 
104 K at 1 TPa of peak shock pressure. The obtained 
peak shock temperature is much smaller than the theo-
retical prediction (See left panel of Fig. 2). The origin 
of this difference may result from a rise in the iso-
choric specific heat due to endothermic processes, such 
as structural change [12] and ionization. The observed 
ionic emission lines strongly support this idea. The 
time evolution of the T and ne of the silicate vapor 
cloud also shows an importance of electron behavior. 
Although the shock-induced silicate vapor cloud was 
expected to expand into vacuum rapidly, the T at 25 - 
50 ns after the laser shot is close to the peak shock 
temperature. In contrast, ne drastically decreases at the 
same time, suggesting that exothermic effect due to 
electron recombination may play an important role on 
thermodynamic evolution of silicate vapor clouds. 
Thus, the results of the present study shows that elec-
trons may work as an energy reservoir in energy parti-
tioning during impacts via ionization (endothermic) 
and electron recombination (exothermic). 
    The above experimental results lead us to a interest-
ing an implication for a lunar-forming giant impact. 
The rise in the isochoric specific heat due to ionization 
causes much more entropy gain during impacts that 
controls the degree of vaporization of shock-heated 
silicates [13]. It is one of the most important parame-
ters in the giant impact hypothesis [2, 3]. Theoretical 
calculations indicate that too large mass of silicate va-
por prevents growth of the proto Moon in the circum-
terrestrial silicate disk [2, 14]. Thus, impact-induced 
ionization may drastically change the fertile range of 
impact conditions to form a large moon around the 
proto-Earth after a giant impact. 
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Fig. 1. A 3-D plot of 
the observed spec-
trum. We used a 
notch filter to protect 
the detector from 2nd 
harmonic light 
(526.5 nm) of the 
laser pulse. 
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Fig. 2. The results of spectral fitting. We used NIST: 
Atomic Spectra Database for the synthetic calculation. 
Note that the calculation shows there are emission 
lines of O+ at 430 – 440 nm, but that they were not 
observed in actual experiments. This discrepancy may 
be caused by uncertainties in the spectroscopic con-
stants.  
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Fig. 3. Time evolution of the T and ne of the silicate 
vapor cloud.  
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