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Abstract 

A Nd-YAG laser system operated in the Q-switched mode was used to generate vapour plume on UO 2 and graphite 
targets. The vapour species formed were analysed by a quadrupole mass filter. The time resolved spectrum was obtained for 
each of the observed vapour species, namely, O, U, UO, UO 2 and UO 3 over UO 2 and C 1 to C 5 over graphite. Time of 
arrival (TOA) spectra were obtained as a function of laser power density. These TOA data are fitted by the shifted Maxwell 
Boltzmann distributions so as to obtain the translational temperatures and velocities of the vapour species present in the 
plume. © 1997 Elsevier Science B.V. 

1. Introduction 

Estimation of energy release in a hypothetical core 
disruptive accident of a liquid metal cooled fast breeder 
reactor (LMFBRs) requires knowledge of vapour pressures 
of the fuel materials at very high temperatures (up to 5000 
K). Conventional experimental techniques such as Knud- 
sen effusion, transpiration, etc. cannot be used at ultra high 
temperatures ( >  3000 K) because of obvious limitations. 
The need for thermochemical data at these high tempera- 
tures and the vapour pressures above the experimental 
collision-free regime of about 10 - 4  atm is a major driving 
force for adapting laser heating processes to vaporization 
studies. If partial pressures of species can be determined 
under local thermodynamic equilibrium, then thermody- 
namic functions, activity data can be obtained. Extracting 
reliable vapour pressure data from laser vaporization mass 
spectrometry requires detailed understanding of the vapor- 
ization process and gas dynamics, which are convoluted in 
the observable time dependent mass spectrometric signals. 
In order to quantify the processes occurring when lasers 
are used to vaporize refractory materials, it is necessary to 
establish the extent of thermal evaporation, particulate 
ejection, gas dynamic process, etc. 
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Ohse et al. suggested the use of a nanosecond wide 
pulse rather than pulses in the millisecond or microsecond 
regime, so as to avoid the laser-plume interaction during 
the vaporization process [1]. Hastie et al. used a 20 ns wide 
pulse (532 nm) and studied the vaporization behavior of 
some refractory materials [2]. Earlier, we have studied the 
vaporization behavior of UO 2 using 8 ns wide (532 nm) 
laser beam and determined a vapour pressure of 3.8 arm at 
4300 K [3]. A linear plot of time-of-arrival (TOA) of these 
neutral species as a function of the square root of molecu- 
lar weight indicated the existence of local thermal equilib- 
rium. The surface temperature of UO 2 was determined by 
an indirect method, by comparing the time of arrival of 
uranium vapour species over UO 2 with that of the carbon 
vapour species over graphite. In the present study, time 
resolved spectra are obtained for the species from UO 2 and 
graphite as a function laser power density and these spec- 
tra are fitted to shifted Maxwell Boltzmann distributions so 
as to obtain the translational temperatures and velocities of 
the beam. 

2. Experimental facility 

A schematic of the experimental apparatus developed 
for this study is shown in Fig. 1 and the details were 
reported elsewhere [3]. Briefly, the sample mounted on a 
kinematic stage was placed in the first chamber. The stage 
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Fig. 1. Schematic of the laser induced vaporization mass spec- 
trometry (LIVMS) facility. 

movement  was controlled remotely through a personal 
computer and the sample was rastered. The continuous 
rastering is required to avoid crater formation, so that 
reproducible signal is obtained for each laser pulse. In this 
chamber, the vacuum condition permits the establishment 
of a high gas expansion pressure ratio and there is minimal 
perturbation of the vapour plume by post-expansion gas 
collisions with the background gas molecules. The mass 
analyzer used was a quadrupole mass filter (QMF) housed 
in the second chamber in a crossed beam configuration. 

A Nd-YAG laser system operated in the Q-switched 
mode at a repetition rate of 10 Hz (pulse width = 8 ns) 
with a pulse energy of about 30 mJ at 532 nm was used to 
generate a reasonably good vapour plume. The power 
density was varied by changing the distance between the 
focusing lens and sample surface. Ions formed in the 
plume were detected with the QMF ionizer-filament turned 
off, while neutrals were detected by switching on the 
ionizer and also the deflection plates so as to deflect the 
ions away from the axis to suppress the ion signal. (The 
deflection plates were kept about 10 cm from the sample 
surface.) The analog signal from the channeltron detector 
through the preamplifier was fed to a digital storage 
oscilloscope (DSO). In the actual experiment, the mass 
spectrometer was tuned to the mass of interest and the 
collection of the signal for about 5 ms from the start of the 
laser pulse was found to be sufficient to get the time of 
arrival (TOA) profile of each ion mass. In order to get 
good signal to noise ratio, the TOA profiles were averaged 
over 1000 sweeps (for each species). The signal from a 
photodiode was used to trigger the DSO to start the data 
collection process. UO 2 samples were of nuclear grade, 
having a density of 10.6 g / c m  3 and O / U  ratio of 2.02, 

obtained from M / s  Nuclear Fuel Complex, Hyderabad, 
India. The graphite samples are of 99.999% purity and 
high density (80% of the theoretical density, Grade #DFP-2  
of M / s  Leico Industries, New York). The samples used 
were of disc form having = 12 mm diameter and 10 mm 
thickness. 

3 .  R e s u l t s  a n d  d i s c u s s i o n  

When the laser power density is increased to above the 
threshold ( =  1 X 10 7 W / c m  2) ablation begins, as indi- 
cated by the QMF signal. The vapour species observed 
over UO:  are O, U, UO, UO 2 and UO 3. In the case of 
graphite the species detected are C~ to C 5. Typical TOA 
profiles obtained for UO and C 3 are shown in Fig. 2. In 
this study, the laser power density is varied from 3.7 × 10 7 

to  1.5 X 10 9 W / c m  2. In the case of graphite, ions C + and 
C + are observed, in addition to neutral species when the 
power density is increased beyond 5 X l0 s W / c m  2. But 
with UO 2, large amount of ions are seen even when the 
power density is about 1.2 X 108 W / c m  2. This behavior is 
expected as the effective ionization potential of UO 2 is 
less than that of graphite [4]. Fig. 3 shows the variation of 
intensity and TOA of UO as a function of laser power 
density. At a laser power density of 3.1 X 107 W / c m  2, 
only neutral species are observed. When the power density 
is increased to 4.5 × 10 7 W / c m  2, the neu t ra l / ion  ratio is 
2.6. On further increasing the power density to 1.2 × 10 a 
W / c m  2 the ion intensity is 6000 times more compared to 
the signal for the neutral. Moreover, the neutral beam 
intensity decreases and the TOA increases compared with 
the power density at 4.5 X 10 7 W / c m  2. A similar study is 
carried out on graphite and the results obtained for C 3 
species are shown in Fig. 4. The intensity of C 3 increased 
by a factor of 15 when power density is increased from 
4.5 x 10 v to 1.2 × 108 W / c m  2 and it increases more 
modestly (factor of 1.2) for the increase in power density 
from 1.2 × l0 s to 2.6 × 10 s W / c m  2. Correspondingly, 
the TOA also showed a variation by a factor of 1.3 (about 
55 ItS) in the former region of power densities; the de- 
crease is by a factor of 1.1 (about 15 ~s)  in the latter 
region. When the ion intensity increases many fold, the 
time of arrival increases. The decrease in time of arrival 
with increase in power density is due to an increase in 
surface temperature. The increase in time of arrival with 
many fold increase in ion intensity is due to the space 
charge field of the ions pulling the neutrals towards the 
surface. In order to describe the kinetic properties of these 
laser ablated neutrals and ions, we employed the shifted 
Maxwell Boltzmann distribution to fit the TOA data. The 
measured profiles are a convolution of the time response 
of the detection with the true arrival time distributions. We 
have deconvoluted the time response of the detection from 
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Fig. 2. Typical time-of-arrival (TOA) profiles C 3 and UO species. 

the measured profiles following the procedure used by 
Hast ie  et al. [5] as 

J ( t )  = I+ + "r~d[ l+ ( t ) ] / d t ,  

w h e r e  J(t)  is the deconvo lu ted  T O A  signal,  l+(t)  is t h e  

t ime re sponse  convo lu ted  s ignal  and ~-~ is the t ime  con-  

stant.  The  t ime  constant ,  170 IXS, was  m e a s u r e d  by observ-  
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Fig. 3. Intensity and TOA of UO ions and neutrals as a function of 
laser power density. 

ing the time resolved signal for the ions with a fast 
preamplifier and then comparing it with the deconvoluted 
profile of the measured profile obtained with the preampli- 
fier used in this study. The measured profiles and the 
deconvoluted profiles for different power densities are 
given in Figs. 5 - 9  for  C 3, UO, C~- and UO +. 

W e  find that it is poss ib le  to fit the  deconvo lu ted  

profiles to a s u m  of  dis t r ibut ions o f  the  fo rm [6] 

f ( t )  = F, A t - 4 e x p  - m  - -  Vg i / ( 2 k T  r , 
l 

where, f(t) is the intensity of the particles arriving at the 
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Fig. 5. TOA profile, deconvoluted and fitted Maxwell Boltzmann distribution curves for C 3 at a power density of 4.3 × 10 "I W/cm 2. 

QMF detector at time t, A is a constant, rn is the mass of 
the particle, z is the distance between the target and the 
detector, vg i is the center-of-mass velocity, k is Boltz- 
mann ' s  constant and T is the temperature describing the 
stream velocity spread. The C 3 and UO molecules TOA 
profiles are well fitted by a sum of two distributions and 
the C~- and UO + are well fitted by a single distribution. 
The parameters obtained from the fitting are shown in 
Table 1 and the fitted curves for the various species are 

shown in Figs. 5-9 .  It is apparent from the table of the 
fitted parameters for the TOA of C 3 and UO that there are 
two distributions; one with a high group velocity and 
lower temperature and the other with a low group velocity 
and higher temperature. The integrated areas of the two 
distributions differ from each other with in factor of three. 
We offer the following picture as an explanation for the 
observed distributions. During heating by a nanosecond 
laser pulse, the surface reaches its peak temperature nearly 

1.0 

0.8 

A 
I O.6 
f 

v ~, O.4 
t,," 

"E 0.2 

0.0 

I 

0.0 

I I I I 

~ . .  ......... DR:Won Data 
-- MB fit 

~ r r " ~ :~ ~ , , , , ~  • " ~ b " :~" i " ~ : ~ i i s l  ~ ' ~ I ~ : "  ~ 

, I , I , I ~ I 

0.5 1.0 1.5 2.0 

T i m e  (msec )  . . . . .  > 

Fig. 6. TOA profile, deconvoluted and fitted Maxwell Boltzmann distribution curves for C 3, at a power density of 1.5 X 108 W/cm 2. 
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Fig. 7. TOA profile, deconvoluted and fitted Maxwell Boltzmann distribution curves for UO at a power density of 4.5 × 107 W/cm 2. 
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Fig. 8. Deconvoluted and fitted Maxwel l  Boltzmann distribution curves for C ~- at a power density of 1.5 X 109 W / c m  2. 

Table 1 
Parameters obtained by fitting the TOA profiles with shifted Maxwel l  Boltzmann distributions for various species at different densities 

Species Power density vg t ( c m / s )  ug 2 ( c m / s )  Tempi (K) Temp2 (K) Area 1 (a.u) Area 2 (a.u) 
(107 W / c m  2) 

C 3 4.3 5000 190000 2500 2000 1.706 1.637 
C 3 12 30000 260 000 3000 1200 3.445 2.637 

C 3 26 45000 280 000 3000 1200 4.4788 3.0733 
C 3 150 45000 210 000 3500 1500 5.3139 2.6907 
C ~- 150 - 90 5000 - 350 - - 
UO 4.5 0 50 000 2500 600 3.8958 1.1946 
UO 12 0 55 000 2500 1750 3.9070 1.5076 
UO + 4.5 - 190 000 - 50 - - 

UO + 12 - 185 000 - 50 - - 
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Fig. 9. TOA profile, deconvoluted and fitted Maxwell Boltzmann distribution curves for UO + at a power density of 1.2 × l08 W/cm 2. 

at the end of the laser pulse and then begins to drop due to 
conduction and the energy required to evaporate with the 
evaporation rate corresponding to the surface temperature. 
In both these cases the temperature drops rather fast at 
initial times and the rate of decrease in temperature gets 
smaller at larger times. The net effect is that the sample 
spends less time around the peak temperature than it does 
at intermediate temperatures. At and around the peak 
surface temperatures the vaporization rate is large and the 
evaporation is followed by supersonic expansion because 
of the high density of molecules. The temperature describ- 
ing the stream velocity spread becomes much smaller than 
the surface temperature but with a high group velocity [7]. 
The distribution with the high group velocity and lower 
temperature arises from the molecules evaporated at around 
the peak surface temperature followed by a supersonic 
expansion. The distribution with a low group velocity and 
higher temperature arises from the molecules evaporated at 
intermediate temperatures of the sample followed by effu- 
sion. Since the sample stays at intermediate temperatures 
for a much longer time than at and around peak surface 
temperature, the integrated areas of the two distributions 
are within a factor of three, even though the evaporation 
rates at intermediate temperatures are smaller. If the sam- 
ple spends the same time at the intermediate temperatures 
as at and around the peak surface temperature then the 
contribution from the low group velocity distribution to the 
measured profile would have been negligible. 

The C~- and UO + TOA profiles are fitted by much 
larger group velocities and much lower temperatures com- 
pared to neutral species. The velocities of the ions are 
much larger than those expected from the estimated sur- 
face temperatures from the equation [8] as 

7" : (2 E / K ) ( D t / ~ ) ' / ~ ,  

where T,, E, K, D and t are, respectively, the surface 
temperature, laser power density, thermal conductivity, 
thermal diffusivity and laser pulse width. The additional 
energy comes from the inverse bremsstrahlung absorption 
of the laser photons. We can estimate the extent of absorp- 
tion from the absorption coefficient discussed by Singh 
and Narayan [9], 

c~ v = 3.69 × 1 0 8 ( Z 3 n ~ / T ° S u 3 ) [ l  - e x p ( - h u / k T ) ] ,  

where Z, nj and T are, respectively, the average charge, 
ion density and temperature of the plasma and h, k and u 
are the Plank constant, Boltzmann constant and the fre- 
quency of the laser light, respectively. Based on this 
equation, it turns out that every single ion that evaporates 
from the surface absorbs a photon. There can also be 
acceleration of ions because of the space charge field 
present within a few Debye lengths from the surface. In 
the supersonic expansion the cooling depends on the effec- 
tiveness of the collisions in the energy redistribution. The 
low temperatures compared to the neutral species arise 
from the long range potentials of the ions during collisions 
in the supersonic expansion. 

4.  C o n c l u s i o n  

The plume generated by the laser evaporation of U O  2 

and graphite targets were analyzed by a QMF. The time 
resolved spectrum was obtained for each of the observed 
vapour species. These TOA data are fitted by shifted 
Maxwell Boltzmann distributions and the translational 
temperatures and velocities obtained are reported. For 
neutral species, the deconvoluted TOA spectra are fitted 
well with the sum of two distributions, whereas for ions it 
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is fitted with one distribution. These results are explained 
with regard to the processes that happen in laser vaporiza- 
tion. 
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