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Introduction

The next generation of 2-D and 3-D weapon-simulation codes will require marked advances in
the spatial and temporal resolution of the various diagnostics to verify the complex physics
predicted from these calculations. This is particularly true for the complicated physics of high-
explosive (HE) detonation and burn, of which a detailed understanding is crucial to nuclear-
weapons performance and integrity.

The processes involved in the detonation of HEs occur very rapidly and lead to extremely
high pressures (several GPa) and temperatures (several thousand Kelvin). A key diagnostic that
has so far eluded experimentalists is a temperature diagnostic for burning HE. Temperature is a
basic thermodynamic property that enables a fundamental understanding of important HE physics
such as the chemical processes involved in the shock-to-detonation transition, and to assess the
thermal part of the equation-of-state of the detonation products.  Accurate, spatially localized
temperature measurements with high temporal resolution are thus crucial, but are unfortunately
lacking.  Our work address this important problem.

Accomplishments for FY99 (Half Year)

This project was funded at the $50K level and for only half a year.  For this level of support,
we demonstrated several important physics principles that support a new spatially resolved
temperature diagnostic for HE burns and shock fronts.  Our diagnostic provides (1) a 2-D spatial
resolution of 10- to 100-µm (the critical length scale needed for useful modeling of HE burns), (2)
single-shot measurement capability, and (3) temporal resolution.

Temperature is determined through the population distribution between two appropriately
spaced atomic energy levels (∆E = E2 − E1 ) as indicated in Figure 1. Temperature
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Figure 1.  Energy level diagram illustrating the operation of temperature diagnostic

is deduced from the population distribution (e.g., Boltzmann), which can be determined with a
variety of techniques including luminescent and holographic methods. The population distribution
is related to the ratio of the luminescence intensity from the two energy levels, which gives the
temperature.

Two requirements for the energy levels are: (1) the energy difference between the levels must
approximate the average thermal energy (∆E / kB ≈  expected average temperature); and (2) to
mitigate background interference (e.g., blackbody radiation), luminescence should occur in the
blue or ultraviolet. Requirement (2) will allow background emission subtraction to minimize
interference.

On the basis of these requirements, we studied several atomic systems and succeeded in
identifying two rare-earth ions (Tm3+ and Tb3+) as promising candidates for the atomic system.
Our results indicate that with these ions:  (1) the difference in energy levels will allow temperature
measurements of a few thousand Kelvin, (2) interference from Doppler and collisional broadening
are not limiting problems, and (3) the required number density of atoms for useful signal levels is
reasonable.

Figure 2.  Doppler-broadened linewidth (FWHM) as a function of temperature for Tb3+ ions

Doppler broadening presents a potential problem for this technique, particularly at high
temperatures where large linewidths may result.  Figure 2 shows a calculation of the Doppler-
broadened linewidth as a function of temperature for Tb3+ ions.  This Doppler linewidth is given by
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The results in Fig. 2 show that the Doppler contribution to the overall linewidth is negligible,
reaching only a few GHz at 10,000 K.  Therefore, Doppler broadening is not a problem.

Figure 3.  Collisionally-broadened linewidth  (FWHM) as a function of temperature for Tb3+ ions.

Collisional processes may also broadened the linewidth of the atomic emission.  Figure 3
shows the contribution of collisional broadening to the overall linewidth.  This process results in a
linewidth  (∆ C ) given by

Even at elevated temperatures, Fig. 3 shows that collisions result in only a few GHz linewidth.
Clearly, collisional broadening does not present a problem to this technique.

We also find that interference from background emission, which may be significant, can be
mitigated by increasing number density of atoms (This is in addition to using atomic systems
where the luminescence peaks are in the blue or ultraviolet).   To see this, we assume a background
emission density ( ( ) )given by black body radiation:
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If we take luminescence linewidth of rare earth ions to be ∆  and centered at , then the
contribution from black body radiation is given by integrating the above equation

The density of rare earth ions needed to give an luminescence energy density comparable to the
background radiation is then given by

where η is the quantum efficiency of the atomic emission.  The results are given in Fig. 4

Figure 4.  Number density (cm-3) of atomic systems required to give luminescence comparable to
black body radiation.  This is plotted as a function of temperature.

The required density is inversely proportional to η.  Typical η’s for optical transitions of interest

(high energy) are ~ 50%.  If we assume η = 100% and ∆ν (FWHM) ~ 10 nm, then the required
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number densities are all in the 1016  cm-3 range, which is reasonable.  This shows that the
luminescence from the atomic system can be observed above the background emission, which is an
important result.

Finally, we designed and began construction of an experimental system to implement our
temperature diagnostic (shown in Fig. 5). In this design, (1) the luminescence is collected either
with free-space optics or with a 2-D imaging fiber, (2) the design of the collection optics
determines the area and spatial resolution of the measurement, and (3) an excitation laser initially
populates the excited states and enters through the collection optics. Then, (1) a fraction of the
collected light from the HE burn is directed to a 2-D detector array (Detector 0), which provides a
background emission spectrum to allow its subtraction and thus minimizes its interference with the
atomic luminescence, and (2) the remainder of the luminescence is directed to two other 2-D
detector arrays (Detectors 1 and 2) where optical filters separate the spatial image of the
luminescence from each atomic level. Information from all three detector arrays is computer-
processed into a 2-D temperature image, which, with proper design of the imaging optics, permit a
spatial resolution of 10 to 100 µm. With 2-D detector arrays such as what we have designed,
single-shot information is possible, along with time-resolved 2-D temperatures. This represents
critical capabilities that presently do not exist.

Figure 5. Implementation of spatially and temporally resolved temperature diagnostic for HEs
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