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Introduction:  Vaporization phenomena induced 

by hypervelocity impacts play an important role in the 
origin and evolution of Earth and other planets. There 
have been extensive research efforts made for under-
standing this process. However, the equation of state 
(EOS) and chemical reaction within high-pressure and 
high-temperature conditions of impact vapor are yet 
highly uncertain [e.g., 1, 2]. This is primarily owing to 
the lack of experimental data on impact vapor cloud. 
Here we discuss newly developed spectroscopic meth-
ods to determine the thermodynamic state of impact-
induced vapor very accurately.  

Thermodynamic State of Impact Vapor:  Among 
the four fundamental thermodynamic quantities (tem-
perature T, pressure p, entropy s, and density ρ), two of 
them are necessary to designate the thermodynamic 
state of an equilibrium system. If the system has a mul-
tiple components and is ionized, both chemical compo-
sition x and ionization ratio φ are also needed to de-
scribe the system. The spectroscopic methods we have 
developed can obtain sufficient thermodynamic quanti-
ties to designate uniquely the thermodynamic state of a 
system. 

Spectroscopic Method:  The emission spectra of 
rapidly evolving impact vapor clouds have to be taken 
with high resolution in both time and wavelength. This 
had been extremely difficult until an intensified charge-
coupled device (ICCD) arrays were introduced. They 
are capable of taking a thousand of different wave-
lengths of light at once with an extremely short expo-
sure time (up to ~10 ns). This permits obtaining high-
quality emission spectra of impact vapor clouds. 

Temperature T. When a high-resolution spectrum is 
obtained, the intensities of emission lines are measured 
to generate a Boltzmann diagram (Fig.1), which shows 
the logarithm of emission intensities I normalized by 
transition probability A, statistical weight g, and 
photonic energy hν as a function of the upper energy 
level E of the transition divided by Boltzmann con-
stant. The inverse of the slope in a Boltzmann diagram 
gives the temperature T of the measured vapor [e.g., 
3,4,5].  

Chemical Composition x. Once a Boltzmann dia-
gram is made, one can also obtain the chemical compo-
sition. The vertical intercept of a fit line gives the loga-
rithm of the number of ground state atoms, which is 
approximately the total number of atoms in vapor 
clouds generated in a laboratory [3,4,5]. Then the dif-
ference in the intercepts of two different atoms (Cu and 
Ca in Fig.1) in a Boltzmann diagram gives the ratio of 
the two atoms: atomic composition x.  

Ionization ratio φ. Some atoms exhibit very strong 
ion emission lines. When these ion lines are treated as 
a different atom and a Boltzmann diagram is made, the 
number ratio of ionized to neutral atoms is obtained. 
This gives the ionization ratio φ [3,4].  

Density ρ. The density of high-temperature plasma 
can be estimated by spectral line profile of emission 
lines. Some atoms such as hydrogen exhibit a large line 
width due to Lorentz broadening, which is proportional 
to 2/3rd power of electron density [3]. Laboratory ex-
periments show that such Lorentz broadening can be 
observed with high enough accuracy to obtain a reli-
able value of electron density. The electron density can 
be converted to the bulk vapor density ρ using ioniza-
tion ratio φ and chemical composition x [6].  

Application to Planetary-Scale Impacts:  The 
above methods have a wide variety of application in 
hypervelocity impact study. An immediate application 
is to study the EOS of highly compressed impact va-
por, which may be highly different from an ideal gas. 
When the thermodynamic state of an impact vapor 
cloud is determined, the chemical reaction processes 
within the vapor cloud can be estimated much more 
easily. Such knowledge will help understand the prob-
lem of sulfur oxides in the K/T impact vapor cloud [7]. 
Furthermore, a quantitative comparison between im-
pact- and laser-induced vapor clouds can be done with 
these methods. It will widen the range of the applica-
tion of laser-simulated “impact vapor clouds” greatly 
[2,8] 
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Fig. 1. Boltzmann diagram of an impact vapor cloud. 

The vapor cloud is induced by copper projectile impacting 
dolomite target. The copper and calcium emissions represent 
the projectile and target components, respectively.   
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