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EXPERIMENTAL STUDIES OF LASER-ABLATED ZIRCONIUM CARBIDE 
PLASMA PLUMES: FUEL CORROSION DIAGNOSTIC DEVELOPMENT 

P. J. Wantuck, D. P. Butt, and A. D. Sappey 
Los Alamos National Laboratory 

Los Alamos, NM 87545 
(550) 667-4686 

ABSTRACT 

Understanding the corrosion behavior of nuclear fuel 
materials, such as refractory carbides, in a high 
temperature hydrogen environment is critical for several 
proposed nuclear thermal propulsion (NTP) concepts. 
Monitoring the fuel corrosion products is important not only 
for understanding corrosion characteristics, but to assess 
the performance of an actual, operating nuclear propulsion 
system as well. In this paper, we describe an experimental 
study initiated to develop, test, and subsequently utilize 
non-intrusive, laser-based diagnostics to characterize the 
gaseous product species which are expected to evolve during 
the exposure of representative fuel samples to hydrogen. 
Laser ablation is used to produce high temperature, vapor 
plumes from solid solution, uranium-free, zirconium carbide 
(ZrC) forms for probing by other laser diagnostic methods; 
predominantly laser-induced fluorescence (LIF). We discuss 
the laser ablation technique, results of plume emission 
measurements, as well as the use of planar LIF to image both 
the ZrC plumes and actual NTP fuel corrosion constituents. 

INTRODUCTION 

Manned planetary missions, like the proposed mission to 
Mars, will require development of advanced spacecraft 
propulsion systems to reduce round trip times. A nuclear 
thermal propulsion (NTP) system represents a potential 
candidate for such a mission. Using gaseous hydrogen as a 
propellant, an NTP can produce specific impulses on the 
order of 900 s. Such high performance capability translates 
to reasonable round trip times (approximately one year for a 
Mars mission) and a reduction in required low earth orbit 
vehicle mass as compared with chemical-based propulsion 
systems. 

In order to generate the necessary propulsive 
performance, the nuclear reactor will operate at 
temperatures approaching 3000 K. Such temperatures, in 
combination with the high pressure hydrogen propellant 
flowing through the core, provide a very hostile operating 
environment for the fuel material, particularly with respect 
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to hydrogen-driven corrosion. Solid solution, refractory 
carbide fuel materials, such as ^x^^l-x^l-v ^^^ being 
seriously considered as candidate NTP reactor fuels because 
of their high melting point and resistance to corrosion 
effects . Identifying the corrosion products as well as 
experimentally quantifying the corrosion rates of these 
fuels under a variety of projected operating conditions is 
critical, however, to assess the expected lifetime of the 
reactor. The harsh, hot hydrogen environment surrounding a 
fuel material under test is not conducive to probing by 
standard diagnostic methods (e.g., mass spectrometer 
sampling). Thus, alternative diagnostic techniques are 
required to provide real time monitoring of corrosion 
products. Advanced, laser-based diagnostics offer a means 
of non-intrusively probing the high temperature environment 
above the surface of the fuel to identify and establish 
spatial distributions and local concentrations of many of 
the anticipated corrosion species. 

A spacecraft NTP system will require instrumentation 
that provides continuous monitoring of various operational 
parameters (such as gas temperature, density, etc.). As 
with fuel elements under test, the environment associated 
with an operating NTP is not suitable for traditional 
measurement techniques. For such application, laser probing 
can provide a means of ascertaining the "health" and 
performance level of the system. For example, a laser 
diagnostic specific to a certain fuel element corrosion 
product could, when probing the rocket exhaust, supply the 
local stream concentration of the species. This information 
could in turn be used to adjust the reactor operating 
temperature or propellant flow rate (both of which influence 
corrosion rates). 

Expected Corrosion Species from Uj^^^i-x^i-y 

As noted previously, fuel elements composed of solid 
solutions of ^x^^l-x'^l-v off®^ several operational 
advantages with respect to NTP application. Butt has 
calculated the equilibrium partial pressures above the 
surface of U QgZr ĝ C-î  Qy during exposure to 1 atm of 
hydrogen over a temperature range of 2000 to 3200 K. The 
results, displayed in Fig. 1, show that in high temperature 
hydrogen, U(g), Zr(g), and various hydrocarbon species 
dominate the gas phase products. Above approximately 2800 
K, acetylene and gas phase uranium and zirconium are 
predicted to be the primary vapor constituents. 
Confirmation of such predictions through experimental 
measurements is critical to the development of accurate 
corrosion kinetics models. 

In our current study, zirconium atoms were selected as 
the species to illuminate using laser techniques. This 
selection was influenced by two primary factors. First, the 
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Zr atom is predicted to be a major U'Zr'C corrosion product 
when exposed to high temperature hydrogen. Second, 
developing a laser diagnostic around zirconium obviates the 
need to perform initial testing in a hydrogen environment 
(which is necessary to form the hydrocarbon corrosion 
species) or with uranium-containing fuel samples. 

Planar Laser induced Fluorescence (PLIF) 

Laser-induced fluorescence (LIF) offers a highly 
sensitive technique for monitoring many of the NTP fuel 
corrosion products (including Zr) as well as for determining 
properties of the NTP exhaust. Quite simply, LIF can be 
viewed as an absorption of laser light, at a specific 
frequency, by an atomic or molecular species followed after 
some finite time by an emission from the excited state. 
This emission or fluorescence is, in general, at a different 
(typically longer) wavelength than the exciting laser 
light's wavelength. By viewing this off-resonance 
fluorescence, it is possible to avoid interference from 
scattered laser light. 

Planar LIF or PLIF represents an extension of the LIF 
technique from a point or line diagnostic to a 20 or field 
measurement method. In general, the species-exciting laser 
beam is transformed into a thin sheet by incorporation of 
some device in the optical train, the most common being a 
set of cylindrical optics. A camera is usually employed to 
collect the resulting fluorescence emission perpendicular to 
the species-exciting laser sheet. The local intensity of 
the collected light can then be related to the 
concentration, temperature, or velocity of the target 
species. The non-evasive nature of this technique, as well 
as its good spatial and temporal resolution, make it 
particularly well suited for application as a diagnostic in 
the high temperature NTP operating environment. Many 
reviews of the PLIF technique are available in the 
literature-^ / 4 , 5 ̂  

Few reported studies are available in the open 
literature concerning the use of laser-induced fluorescence 
with zirconium atoms. Wright, Pellin, and Gruen and 
Wright, et al.^ utilized LIF spectroscopy to determine the 
velocity distribution of Zr atoms sputtered off a target 
following Ar"*" or Kr"*" bombardment. For this study, they 
pumped the Zr(I) ground to excited state (z F̂ ^̂ ) transition 
at 16787 cm"-'- (595.53 nm) and monitored the fluorescent 
decay to an intermediate metastable state (a F-,) at 4770.5 
cm" (838.94 nm) . Hannaford and Lowe measured the 
radiative lifetimes of several low lying atomic levels of 
various sputtered refractory elements including zirconium. 
They used a nitrogen laser-pumped dye laser to excite the 
Zr(I) z'^G°j: J=3-5, y G°j: J=2-6, and y-^G°j: J=3-5 levels 
and then measured the fluorescence emission decay rates. 
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Laser Ablation of ZrC Targets 

Production of zirconium vapor for subsequent 
illumination by a PLIF diagnostic, is accomplished by 
focusing a pulsed laser onto a ZrC target. This technique, 
known as laser ablation, represents a relatively simple 
method for producing gas phase samples of refractory 
materials. In the commercial sector, laser ablation has 
been utilized for the production of superconducting thin 
films^ and fine metallic powders-^^. Sappey and co-
workers"'--'-'-"-̂  have also utilized laser ablation to 
investigate condensation processes in metal vapor plumes. 

a. Experimental Configuration 

The apparatus utilized for these experiments is 
displayed in Fig. 2. The cubical (-30 cm) ablation chamber 
contains five window ports which allow excellent optical 
access to its interior. The window material is fused 
silica. The chamber is evacuated by a standard mechanical 
pump through both a liquid nitrogen and alumina-filled trap. 
The chamber can be backfilled with a variety of gases 
through a separate, flow regulated feed line. During each 
experiment, a slow flow of argon is maintained through this 
line and the chamber to minimize the buildup of particulate. 
A series of capacitance type manometers and thermocouple 
gauges are available to monitor chamber pressure. The base 
pressure for the chamber is 2 0 mtorr. Typical operating 
pressures are between 7 to 10 torr. The ZrC target specimen 
is positioned on a rotating table which is externally driven 
by a variable speed DC motor. Rotation of the target 
prevents the formation of a pit in the ZrC disk by action of 
the ablation laser. 

An Lumonics model TE-860-4 excimer laser operating with 
KrF mixtures for a 248 nm output is used to produce the 
ablation pulse. Beam energies are on the order of 100 
mJ/pulse and the laser is typically operated with a 5 Hz 
repetition frequency. The beam is brought to the ablation 
chamber by several coated mirrors (high 248 nm reflectance 
at 45°) and focused at normal incidence onto the target 
using a 18.3 cm focal length quartz lens. The ablation spot 
size is approximately 1 mm and the corresponding laser 
fluence at the target is ~670 MW/cm . 

Results 

a. Ablation Plume 

A photograph of the plume formed subsequent to laser 
ablation of the ZrC disk is shown in Fig. 3. The plasma 
emission is recorded through a chamber side window using a 
conventional 35 mm camera with a standard 55 mm lens. The 
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spot to the upper left (and behind) the plume is a 
reflection from the back window. In these expanding 
plasmas, atom velocities can exceed 10^ cm/s at low 
background pressures (tens of mtorr) with neutral gas 
temperatures near the target surface approaching 15,000 K. 
Careful examination of the ZrC disk surface reveals the 
presence of the circular track formed by the ablation laser 
as the target rotates. The streaks originating from the 
plume represent trajectory traces of hot sputtered material. 

b. Emission Spectra 

Spectrally and temporally resolved plume emission 
spectra were recorded for regions near the target surface. 
The plasma emission is dispersed in a 1/3 m monochromator 
(Instruments SA model HR-300) fitted with a Hammamatsu R666S 
side-on photomultiplier tube. An 1800 line/mm, holographic 
grating is used in the monochromator. The output of the 
photomultiplier tube is then fed into a Stanford Research 
System model SRS-270 Gated Integrator/Boxcar Averager which 
is triggered off the laser pulse. The boxcar output is 
recorded using a Hewlett Packard 7090A measurement plotting 
system. For all spectra measurements, the ablation chamber 
was continuously purged with a slow flow of argon gas. The 
chamber pressure was maintained at 8 torr. A representative 
ZrC plume emission spectrum, recorded 10 ns after the 
excimer laser pulse, is shown in Fig. 4. This emission 
spectrum, which covers a wavelength range from 200.0 to 
500.0 nm, is dominated by the presence of zirconium atom 
emission (several of the many Zr(I) lines are identified in 
the figure). No emission lines from zirconium ions or other 
species, such as carbon atom are identified in the ZrC 
traces. In addition to comparison with tabulated spectral 
lines for zirconium atom and ion, confirmation of the 
dominating presence of Zr(I) in the plume was made by 
recording and comparing emission spectra from laser-ablated 
plumes generated using pure zirconium targets. It is 
certainly possibly, however, that carbon atom is present in 
the plume but that its various spectral lines emission 
intensities are to weak to record in the presence of the 
zirconium. A carbon target, plume emission spectrum is 
shown in Fig. 5 recorded at sensitivities 100 times greater 
than employed for the ZrC spectra. The carbon plume 
spectral lines are considerably weaker in intensity than 
those observed with zirconium. The two dominating peaks 
near 250 and 500 nm are due to the ablation laser. 

By adjusting the boxcar delay it is possible to 
establish emission spectra at specific times during the 
plume expansion event. A series of ZrC emission spectra 
recorded for increasing delay times (after the ablation 
laser pulse) is shown in Fig. 6. The spectra 
characteristics are very similar to the spectrum displayed 
in Fig. 4. The plume emission intensity has reduced to 
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essentially undetectable levels at approximately 1 ms. Such 
a reduction is due to expansion cooling and quenching 
through radiative and collisional processes. 

c. Temporally Resolved Images 

Plume emission images were also recorded at different 
delay times. The ability to generate temporally resolved 
images represents an necessary step in the development and 
application of the PLIF technique. An intensified, gated uv 
camera (Xybion model ISG-250-U) with a 105 mm, f/4.5 quartz 
focusing lens was interfaced with an EPIX Silicon MUX RGB 
frame grabber board with a programmable trigger option. The 
timing of the camera intensifier, frame grabber board, and 
excimer laser were all controlled using a Stanford Research 
System model DG535 programmable delay/pulse generator 
operating on manual trigger. One representative ZrC plume 
emission image is displayed in Fig. 7. This grey scale 
image was recorded 50 /iS after the excimer laser pulse for 
an ablation chamber background pressure of 7.5 torr 
(backfilled with argon). The brighter areas represent the 
areas of greatest intensity. 

d. PLIF Imaging of the Ablation Plume 

For our PLIF experiments we plan to pump one of the 
Zr(I) ground to excited state transitions between 280 and 
300 nm. One candidate transition is the Zr(I) ground state 
(symmetry a-̂ F2) to the excited state t-̂ F°2 at 35515 cm"-'-
(281.49 nm). This transition shows a strong transition to 
the b-̂ F2 intermediate state at 11641 cm"-'- which will produce 
fluorescence in the blue at 418.76 nm. The output of 
frequency doubled Nd:YAG laser-pumped dye laser operating on 
Rhodamine 590 will in turn be frequency doubled (by a WEX-IC 
wavelength extender unit) and used to excite this 
transition. The dye laser beam will be shaped into a sheet 
by a combination of cylindrical lenses and passed through 
the ablation plume. The resulting fluorescence emission 
will be captured with the intensified uv CCD camera. 
Reducing the interfering effects of plume self emission can 
be done by using proper filters, short duration camera 
gates, or by delaying dye laser excitation until after the 
intensity of the ZrC plume emission has dropped to 
sufficiently low levels (> 1 ms; although the plume has 
cooled considerably by this time, adequate quantities of 
zirconium atom should be present for PLIF imaging). 

Future Activities 

When we have successfully demonstrated the use of the 
PLIF technique to image zirconium atom distributions in the 
ablated ZrC plumes, we will expose ZrC samples to high 
temperature, flowing hydrogen and use the same diagnostic to 
probe the flowfield around and downstream of the sample for 
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trace quantities of zirconium atom. For this study, a radio 
frequency (rf) discharge driven flow system will be used to 
produce a continuous, high temperature, contamination-free 
hydrogen-containing gas stream into which a ZrC sample will 
be inserted. The unique feature of this system (which has 
been described in detail elsewhere^^'-'•^) is the use of an 
inductively coupled plasma tube as a high enthalpy gas 
source. A 50 kW rf generator is used to supply power to the 
tube where the the gas is heated to between 5000 to 10,000 
K. Mixtures of argon and hydrogen will be fed directly into 
the tube upstream of the plasma region. The sample will be 
positioned downstream of the plasma tube's exit in a chamber 
with good optical access. A dye laser beam, operating at 
the same frequency employed for the plume studies, will be 
used to illuminate the region around the heated ZrC sample 
and perform quantitative imaging of the zirconium atom 
distribution. 

Summary 

We have utilized a focused excimer laser to ablate 
material from ZrC targets for the purpose of developing 
appropriate laser-based diagnostics for gas-phase, corrosion 
products from hydrogen exposed, ^x-x'^^x^i-y f^^l elements 
proposed for NTP application. Temporally and spatially 
resolved emission spectra from the produced vapor plumes 
show the dominating presence of zirconium atom, an expected 
fuel corrosion product. The plume emission is detectable up 
to 1 ms after the end of the excimer laser pulse. 
Temporally resolved images of the plume emission, using a 
gated, intensified uv camera have also been generated. We 
are currently attempting to establish the appropriate 
excitation wavelength for quantitative PLIF-based imaging of 
the zirconium atom distribution in the ablated plumes. 
Future activities include exposure of ZrC samples to rf-
heated hydrogen flows and measurements of Zr atom 
concentrations in the region surrounding the samples using 
planar laser-induced fluorescence. 
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