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Abstract 

Rapid heating of a small spot. on a uo2 specimen by a laser pulse 

generates a surface temperature excursion which was monitored by a fast

response automatic optical pyrometer. The maximum surface temperatures 

investigated ranged from '"' 3700 K to "' 4300 K. The temperature transient 

vaporizes· the surface and the vapor expands into vacuum. A quadrupole 

mass spectrometer was used to identify and analyze the species in the 

vaporizing flow and to measure the rate of evaporation from the surface. 

This infonnation yielded. the partial vapor pressure of each species and the 

composition in the vapor jet.. The- results were in fairly good. agreement. 

with thermochemical JOO<:iels based on extrapolatiO)l of low-temperature 

data.. The degree of imtizatioo in the hot vapor was estimated from the 
...... ~. . ~---··· 

mass spectrometer measurement of iORS~· and neutral molecules. 
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I INTRODUCfiON 

The analysis of a hypothetical core disassenibly accident(HCDA) plays 

an important role in liquid metal fast breeder reactor safety assessments. 

The coupled neutronics--hydrodynamics computer code VENUS{l) is typical 

of such theoretical analyses. The peak fuel temperatures in these calcu-

laticms vary from 4000 t0 500{) K, a range of limited knowledge of fuel 

vapor properties, particularly its vapor pressure or equation of state. 

Extrapolations from static measurements perfonned well below the temperature 

range of interest a•re currently used in the HCDA analyses. The total vapor 

pressure data for oo2, a~re m fair agreement up to the melting point (3130 K) 

but un·certaintires appreachi.ng an order of magnitude appear at temperatures 

in the neighOO.rheod of SCilOO K {2}. The canposition of the high temperature 

vapor (i..e., It'S 0/tJ ratio) is even less well established. 

Equilibrium vapor pressure meast:Irement techniques, such as Knudsen 

effusion and transpiration.,. cannot be used at very high temperatures not 

only because of the lack of· suitable container materials for molten uo2 but 

also because of departure from molecular evaporation, on which the Knudsen method 

depends(3). M!>reover, even if obtainable, equilibritun vapor pressure data 

1nay not aut:quately represent the behavior of uo2 during the rapid temperature 

excursion characteristic of an HCDA. These transients, which occur in 

tens of milliseconds, are probably better simulated by nonequilibrium 

experiments in which fuel vaporizes at surface recession rates of tens of 

centimeters per second into a low pressure background gas or into a vacuum. 

Several dynamic pulse techniques, including specimen heating by high energy 

electrons, neutrons, and laser beams, have been utilized in this type of 

experiment. Reviews of the various techniques are given in Refs. 4 - 6. 
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In the equilibrium technique and the electron- or neutron -heating methods, 

the composition of the condensed ~hase generating the vapor to be detected is 

well defined. In the laser method, on the other hand, only the surface of 

the specimen is heated. Not only are steep temperature gradients generated, •. 

but the high evaporation rates and the incongruent nature of uo2 vaporization 

cause the compositioo of the evaporating surface to differ appreciably from 

that of the bulk solid. M::>reover, just as the surface temperature changes 

with time during the heating pulse, so does the surface 0/U ratio. In the 

present study, laser surface heating is used to achieve peak surface 

temperatures from 3600 to 4300 K. The surface temperature transient is 

followed experimentally by faost 0ptica·l pyrometry. Unfortunately, no 

experilnental method· is available for the· measurement of the surface 0/U 

changes during the transient. 

The vapor from the surface is emitted into a Va.ctrulll where it is analyzed 

by mass spectrometry. A direct line-of-sight quadrupole mass spectrometer 

located "' 40 em from the heated s~t on the uo2 target detects the constit

uents of the vapor blowoff (U, UO, uo2 , and uo3) , whether as ions or neutral 

particles, The t::iJne-of-arrival of the various species at the mass spectro

meter provides infonnation on their ejection speeds. The magnitude of the 

mass spectrometer signal is related to the vaporization rate, and via the 

Hertz-Langmiur equation, to the vapor pressure. This method has been 

previously applied to iTOn and zirconium hydride by Olstad(7) and to graphite 

and allDJlina by Lincoln and Covington(8). In separate tests, some of the 

blowoff is collected on a series of disks positioned around the laser

irradiated spot to provide a measurement of the angular distribution of the 

evaporation process and to detect large particles leaving the surface. 

-2-
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I I EXPERIMENf AL 

II.l Apparatus 

The overall system diagram of Fig. 1 can be divided into five subsystems: 

the laser, the uo2 target and the chamber in which it is housed, the mass 

spectrometer, the optical pyrometer and the transient data recorder. The 

st.~~~nary of the~e components presen·ted below may be supplemented by the 

detailed description given in Ref. 9. 

The laser is Nd-glass, which delivers up to 30 J per pulse of 1.06 lJm 

wavelength light. The output consists of a series of narrow spikes whose 

average trace is shown in Fig;. 2.. tue to ·the thennal inertia of the 

target material, the spike.s merely crea.te a ripple on the smooth temperature 

respomse which wOtlld resu:lt had the heat source actually been· the curves of 

Fig. 2(8). There is a change in the· laser firing cnaracteristics at a 

pulse energy of "' 11 S, which accounts for the two curves in Fig. 2.. These 

t·emporal shapes were measured using the beam splitter, magnesia diffuser 

and photodiode shown in Fig .. 1.. This subsystem also gives the total energy 

in each pulse, wftich must be reduced by the transmissivity of the focusing 

lens and the vacuum chamber w:indow .. 

The radial distribution of laser po-wer was determined by moving a razor 

blade across the focal plane at a 45° angle by means of a micrometer and 

measuring the energy transmitted with a calorimeter, This infonnation 

produced the nonnal:ized radial power distribution shown in Fig. 3. 

The physics of the laser-solid interaction are controlled principally 

by the irradiance_, or the power per tmit area(lO). The spot on the surface 

viewed by the mass spectrometer and the spot size of the optical pyrometer 

are small compared to the width of the focused laser beam (Fig. 3), so that 
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the system responds to the power density on the axis of the incident laser 

beam. The laser spot size was purposely not highly focused to avoid 

appreciable radia-l variation of laser power, which would have greatly 

complicated theoretical interpretation of the data. The variation of laser 

max 
-~ = 

E (1) 

where Aeff = 0. 50 an"2 is an. effective laser spot $ize characteristic of the 

distribution in F-ig. 3. Tite effective laser pulse duration is obtained by 

integration of the n0malized ctll'Ves shc:Ml..-~ Fig·~ . 2, which yields tp = 0.17 ms 

for E < llJ and ~ = 0. 21 ms for E > llJ. F0r pelse energies of 10 and 30 J, 

~ax is 1x105 
and 3xlQ5 W/an2 , respectively. These values, in- conjunction 

with the appropria-te shape function fran Fig. 2 and with reduction to accotm 

for reflection fran the surface, provide the input surface heat flux needed 

for the theoretical calculation:s(ll). A reflectivity of 0.17 has been taken 

fran measurements of sp~.,_,..., 1 emiss iv~ -t;.y (12) . 

The uo2 sample is a 1.2 cm·diameter, 1 rnm thick wafer, the surface 

of which is polished to "' 6 llm roughness. It is motmted on a ttmgsten cap 

on the head of a electron bombardment heater in a vactrum of 10-7 Torr. The 

heater serves to heat the uo2 up to 2045°C from mass spectrometer 

calibration and to preheat the sample to "' 1400°C, the ductile-to-brittle 

transition temperature(l3), in order to avoid sample cracking resulting from 

the large thermal stress induced by laser heating; at this temperature, the 

light absorption cut-off of uo
2 

is also shifted to wavelengths shorter than 

1. 06 lJlll, avoiding in -depth heating by radiation penetration 
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into the sample (14). The specimen was not pretreated to control stoichiometry· 
' 

the theoretical analysis(ll) indicates that the surface composition during the 

transient is affected principally by the incongruency of vaporization and little 

by the bulk 0/U ratio. 

The detector chamber is pumped to 10 -lO Torr with the gate valve closed 

and to 10 -B Torr with it open. A qua,drtJtl)ele mass spectrometer is used to identify 

and analyze the -.:a~ie1!1S vapeil" species in the flow aru:l to measure. the density of 

each in the ionizer. The coll:imator in the target chamber (Fig. 1) limits 

the zone on the target with direct 1 ine·-of-sight to the ionizer to a spot 

"' 1 ITI1l in diameter. 

The surface temperature transient is roonitored by a fast-response 

automatic optical pyrometer fOcu.sed to a spot on the target 1. 73 mm in 

diameter. The pyrometer was calibrated with a 3000 K graphite blackbody 

source at· the NASA-Ames Resea,rch Center. Standard procedures were used to 

extrapolate the calibration above 3000 K. The observed pyrometer response 

during a transient had to be corrected for time lags inherent in the external 

· RC circuitry. 

A transient wavefonn recorder is used to sinrultaneously record the signals 

from the laser power photodiode, the optical pyrometer, and the mass spectrometer. 

II.2 Mass Spectrometer Calibration 

The vapor in equilibrium with uo2 (s) is composed of uo
3

, uo
2

, uo, u, o 

and 02 , of which the first three are the most abt.mdant. Prior to laser 

pulsing the uo2 wafer is heated by the electron beam gun in the surface 

temperature range of 1760°C to 2045°C to generate a steady state molecular 

beam for both mass location and intensity calibration. The results plotted 

as log(Sf) versus 1/T are shown in Fig. 4, where S is the signal from a 
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microamneter. From the slopes of the curves, heats of sublimation of 

182.5 kcal/mol for U03 and 144 kcal/mol for U02 were obtained; the litera

ture gives 143 kcal/mol for uo2 (15). Since the slopes of the UO and U 

lines are close to that of uo2, it is believed that they both represent the 

fragments of dissocia·tive ionization (cracking) of uo2 produced by impact 

with 70 eV electroos. 

The ra·tios of the uo3 , UO and U signals to that of uo2 in Fig. 4 can 

be expressed analyticaily as functions of the corresponding ratios of the 

electron rultiplier efficienciesofthe ions detected, the relative total 

ionization cross sections, the fragmentation pattern, and the ratios of the 

equilibrium pres:sure.s ef the vaper species(9J.. The electron mllltiplier 

efficiencies were as·suntecd te be pr0portional t·o the square roots of the ion 

masses and the relative ionizatien cros·s section:s were taken from the work 

of Pattoret (16) . The ~ilibrium pressures of the uranium-bearing species 

~re calculated from the thermochemical mdel of urania proposed by Blackburn 

(17); the COJIII!>Osition chosen at each temp>erature was that corresponding to 

congruent vaporiz·ation, which is the situation which is eventually attained 

in vaCUllll vaporization. 

The congruently~vaporizing canposi tion is that for which the 0/U 

ratio of the evaporation flux is equal to that of the solid. This condition 

is expressed by the equation: 

3~o + 2~o + 4>uo + 24>o + 4>o 
2 _ X ,. --:--3--;--_2~-;-----:---2 __ 

c ~uo + ~uo + ~uo + ~u 
3 2 

(2) 

where ~. is the molar evaporation flux of molecular species i, which is 
1 

given by the Hertz-Langmiur equation(Eq(l) of Ref. 11). These fluxes are 

ftmctions of temperature and the 0/U ratio of the solid, 2 - xc, which is 
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detennined by iterative solution of the above equation. This calculation 

gives congruently-vaporizing canpositions of 1. 9991, 1. 9981 and 1. 9945 for 

2100, 2300, and 2500 K, respectively. 

· Using the calibration data ef Fig. 4, nine numbers describing the 

fragmentation pattern of the three gaseous oxides of uranium were deduced. 

These are shown in the fonn of a bar chart in Fig. 5, where the height of a 

. segme.nt of a bar· represen;ts the fractien of a particular neutral which 

fragments to the ian represent·ed by the bar. This cracking pattern agrees 

quite well with the one detennined by Pattoret (16) . Figure 5 shows that 

only 8\ of the uo3 melecW.es ienize to produce the uo;· parent ion •. 

Ionizatic:m of uo2 ana UO, on the other hand, produces mainly the pa;z-ent 

ion. Hewever, the uo2 e<:tlililibriun pressure is sufficiently larger than· the 

+ . uo pressure t'l1at the tJ(J signal. is prrmcipally dUe· te uo2 fragmenta·tion 

despite the 4 : 1 cracking pattern advantage for production of uo• from uo 

ana uo2 shewn in Ftg:, 5... Slmilarfy ,. even though neutral uranium atoms ionize 
+ . + 

solely to U , the density of u· neutrals is so low that t'he observed U signals 

in Fig. 4 are due entirely to fragmentation of the gaseous oxides. 

In addition to detemining the cracking pattern of the uranium oxides 

in the vaper phase, the calibrat·ion fixed the instn.mtental constant 

relating the output signal from the mass spectrometer to the number 

density of the species in the ionizer. This constant was used to convert 

signals recorded during the transient tests to the instantaneous number 

densities in the ionizer for comparison with theory. 

III. RESULTS AND DISCUSSION 

III.l Surface Characterization 

The laser-irradiated uo
2 

sample surface was examined by scanning electron 

microscope. Fig. 6a shows a ring structure on the portion of surface within 
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the previously molten area. This pattern is attributed to radial propagation 

of capillary waves on the liquid surface driven by the recoil forces of the 

evaporating material (18). 

Figures 6b and 6c show high-magnification views of the surface inside and 

outside, re.spectively, of the previously molten zone. Despite rapid solidi

fication following the pulse, the grain size in Fig. 6b is just a bit smaller 

than in the urunelted material shown in Fig. 6c. He>wever, the fact that both 

surfaces exhibited distinct grains witlwut special preparation is evidence 

of thennal etching. 

The white dots decorating the grain boundaries on the previously molten 

surface may represent precipi ta;t;eQ metallic uranium. The kinetic 

analysis of t·he sm-face- c<:m~pesition evolution (11) indicates that substantial 

hypost<Jichiame:try should have e>ccurred during the pulse. For the laser 

energy whlch produced· the surface features in Fig. 6, the minimum 0/U 

of the surface is calculated to be 1. 78. However, the temperature is 

also very high cmcl if themochemical models (17) aTe applicable at "' 4000K, 

the surface should have remained in the single-phase region during the 

entire transient. The gra-in bot:mdary particles and the grain surfaces weTe 

examined by scanning Auger microscopy to determine the composition. The 

dots and the matrix both gave essentially identical Auger electron spectra. 

The identity of the particles thus remains tmsure, although the most likely 

assigrunent is still precipitated uranium metal. 

Figure 7 shows a profilometer trace of the original surface and the 

crater produced by 5 laser pulses each of 28 J on the same spot. The crater 

size corresponds to loss of"' 55 mg of uo2. The calculated mass loss(ll) for 

the 5-shot sef!uence is 8 mg. This discrepancy may be due to "chunk" 

sputtering(lO) or to microexplosions caused by subsurface porosity(l9). 

-8-
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II I. 2 Collection of Emitted Material 

In order to better understand the vaperization process, the target was 

surrot.Di.ded with semicircular arrays of small disks to catch some of the 

vaporized uo
2

• Two arrays: of disks were used, one set of teflon and the other 

of altuninimum. 

Following the laser pulses, the teflon disks were irradiated in a 

reactor in orde-r to determine the ql.:l3.Atity of uranitml on them by neutron 

activation. The variati:on in radioactivity with the angle from the target 

nonnal provides a direct meas1:1re of the angular distribution of the vapor-

ized material fran the laser spot. Fig. 8 shows tfle angular distributions 

nonnalized with re.spect to the t·otal aml:.lrtts of material evaporated. The 

triangles shew t:he result's for five- 2'8 J las·er sh<:>ts with the collect<:>ors 

arranged in a semicircle con,tamed in: a plane at right angles· to the plane 

of the lase,r beam and the target nonnai. This series of shots produced. 

the crater slwwn in Fig. T. Ihteg;rat'ion of the angular distribution gives 

a total of 9 mg 0f uo2_ evaporated, which canpares favorably with the 

theoretical value of 8 mg calculated. from the model of Ref. 11. 

The circles in Fig. 8 are the results fran twe 26 J laser shots with in

plane collect·ors. In this case, 4 mg ()f uo2 were collected, which is the . 

same quantity predicted to evaporated by the theoretical model. Also shown 

on Fig. 8 are cos e and cos2e distributions suggested for Knudsen effusion 

and supersonic free-jet expansion respectively. The angular variation of 

the mass flux can be approximated by cosne distribution where n is close to 

on:e. 

The aluminum disks were used to collect some of the vapor plt.mle from 

the 5-shot test series for scanning electron microscope examination. This 

test was intended. to determine whether the vapor blowoff consisted solely 
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of a molecular vapor or also contained a condensed phase. The SEM 

micrographs in Fig. 9, show condensed-phase agglomerates of UO 
2 

on the disks. Some are donut-shaped and some spherical, suggesting 

that they were liquid globules before striking the disks. The radii of 

the frozen droplets range from 1 JJffi to 15 JJffi. Elemental analysis (EDAX), 

also shown in Fig. 9, reveals that they are principally uranium, most likely 

in the fonn of uo2. Two in,terpretations of this result are possible: either 

uo., liquid droplet ejectioR occurs directly from the melt, or .. 
liquid droplets are formed by cmdensation in the highly supersaturated 

vapor plt.Une. The mass associated with the particles (estimated from the 

optical microscope obse:rvation.) is at most 1% of the total uo2 collected 

on each disk, so that the frozen droplets carmot accmmt for the ex~essive 

mass loss inferred from the crater volume. Therefore, the formation of 

liquid droplets does not affect the angular distribution measurement, nor 

the interpretation of vaporiza·tion as a II10lecular process. 

111.3 Surface TeJUf)eratures 

Since the thermal respense of the laser-irradiated surface can be 

measured (by optical pyrometry) and calculated (by the method described in 

ref. 11), independent check of theory with experiment is available. Figure 

10 shows such a comparison for a 10 J laser pulse. The experimental 

temperature trace rises more rapidly than the calculated thermal transient, 

but the maximum surface temperature and the cooling rate are well-predicted 

by the theory. The time offset of the maximum temperature, however, is signifi

cant and was observed in all shots. No reasonable changes in the RC time 

constant of the pyrometer's external circuitry could rectify the discrepancy, 

nor could substantial alterations in the thermal properties of uo2 used 

in the calculations of the surface temperature appreciably shift the position 

of the theoretical maximum. 
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Figure 11 shows the experimental and computed temperature maxima for 

all six shots. The exper:iJnental scatter is appreciable; for the three 

shots with laser energies between 10.2 and 10.6 J, the observed maximum 

temperatures range from 3770 to 4090 K. However, the data clearly follow 

the predicted trend with respect to laser energy. The dashed lines in Fig. 

11 represent the t.m:certainty band associated with the use of imperfectly 

known thennal properties of uo2 in the theoretical calculation(ll). 

111.4 ~lecular Densities in the Vapor 

The mass spectrometer signals were recorded for six series of four laser 

shots each. In each series, the laser pulse energy was kept constant and 

in each shot of a series, a different mass, corresponding to the vapor 

species u' uo_, uo2 and uo3 t was monitored. Masses corresponding to the 

dimers of UO and of uo2 were examined, but no signals were fotmd, · Figure 12 shows 
+ 

the raw signals for the uo2 following a laser shot. For comparison 

with theory, the signals from the mass spectrometer needed to be converted 

to molecular densities of vapor species in the ionizer region. Such a 

conversion required several corrections to the raw data. First, the mass 

spectrometer instrumental constant and the effects of fragmentation by electron 

impact had to be taken into accOl.Dlt; this was accomplished using the results 

of the steady state calibration described in Section II.2, and Fig. 5 in 

particular. Second, the time constant associated with the resistance and 

capacitance of the electronic circuitry following the electron multiplier 

needed to be incorporated into signal analysis in a similar manner to that 

applied to the pyrometer output. Third, a correction for the drift time 

of ions down the analyzing section of the mass spectrometer was included. 

These procedures(9) permitted conversion of the mass spectrometer signal 

response such as that shown in Fig. 12 to ni(t), the density of neutral 

species i in the ionizer as a function of time following initiation of the 
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laser pulse. The first (smallest) spike in Fig. 12 is an artifact, the second 

is due to ion emission and will be considered in the following section, 

and the third and largest pulse is the neutral species output which leads 

to the solid curve in. Fig. 13 when all corrections are applied. The peaks 

of the molecular density Cl:lrves are substantially delayed from the peaks of 

the laser pulses (fig.. 2} because of the 4'0 en flight path traversed by the 

me lecules evaporated from the surface. 

One . of the major objectives of this study is to relate the experimental 

molecular density curves to the vapor pressure of each species at the 

temperature and c<OOT!p0sitien. conditions 0£ the surface. Theoretically, such 

a cotmecti<:m consists of two parts. Firs,~ the vaporization rate from the. 

surface needs to be rela•ted t0 surface temperature and surface compc:>sit.ion 

via the equilibril:llll v:a-per pres·sur~, ;Second, the net vapor flux from the 

surface milst be converted· to a Jl'l0lecular density at an arbitrary downstream 

position. 

The rate of vaperization is as5UIIIed to be given by the Hertz-Langmiur 

fo1'1DL1l.a., which was originally deduced for low-rate vacuum vaporization. 

However, as explained in Ref. 11, it applies even when the evaporation rate 

is sufficiently lar~e t.o create a collision -dominated vapor cloud near the 

surface, provided tflat backscattering of evaporated molecules from the 

dense gas is accOlD'lted for. Forttmately this backscattering correction is 

independent of gas conditions, so the vaporization rate is tmaffected by the 

expansion of the vapor cloud dOMlstream of the surface. 

With the flux from the heated spot on the surface specified, the molecular 

density along the centerline of the expansion depends only upon the angular 

distribution of the emission and on the speed distribution of the molecules. 

These features of the expansion depend upon whether the vapor leaves the 

surface in free-molecular flow or as a collision-dominated flow analogous to 



gas issuing from an orifice. In the fonner instance, the angular distribution 

varies as cos 9 , where s is the angle from the surface nonna.l , and the speed 

distribution is that of a Maixwell-Boltzmann gas at the instantaneous temperature 

of the surface. Detailed medels of the collisional or gasdynamic ,expansion 

process have been presented(4 ,6) , but detennination of the number density 

from the source flux does not depend sensitively upon these details. 

Generally, the gasdynamic models give an angular distribution which is 

proportional to cos~ ,. which tends to increase the number density along 

the centerline for a given evaporation flux. In addition, these models 

predict terminal. Mach numoors of the expansion which are greater than 

t.mi ty, which -acts to redu<Ze the number density for a. fixed flux because 

the JOOlecules ·are JOOY-ing faster than if they pes•sessed the thennal velocities 

characte.ristic of t·he hot sm-face. These twa differences between the 

gasdynamic expansicm and fre.e·-molecule evaporation tend to cancel insofar 

as dete.nnining the vapor density is concerned. 

Thus, the free·-mol:ecru:te flow model is• used to connect surface evaporation 

rates to dmms-tream mole.cula.r densities, with the realization that the 

calculation could. be somewhat in error because of incorrect angular and 

speed distributions. However,. these discrepancies are believed to be 

minor compared to the general precision of the experimental method. As 

SUIIIIlarized in Ref. 7, the molecular density of species i in the ionizer 

located a distance 1 from a heated spot of area A which is subjected to a 

temperature transient Ts(t) is given by: 

"i. (1-B) I.A ( mi f/ ~ . ) Pi (Tst)Cs) -m. l. 
1 (3) n1 (t) = 

T5f2(t-T)" 
exp dT . k hl 2kTS(t-T} 2 

0 s 

where P. 
1 

is the equilibrium vapor pressure of species i, and is a ftmction 
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of surface temperature Ts and surface composition xs. The mass of the 

molecule is denoted by m1 and k is Boltzmann's constant. The 

evaporation coefficient a. is assumed to be tmity for all species emitted 1 . 

from hot uo2 , which appears to be a reasonable approximation for this type 

of material(!!). The gasdynamic backscattering factor a is taken to be 0.18(11). 

The area A is defined by the geometry of the flight path between the surface 

and the mass spectrometer i<:m:izer and the dimensions of the collimator in 

Fig. 1. As shown in Fig. 3, the laser intensity varies very .little over the 

spot on the s1:1rface viewed by the mass spectrometer ionizer. Equation (3) 

is a convolution integral Stmiilin:g all contributions to the molecular 

density in the ionizer at time t after initiation of the laser pulse due 

to molecules emitted from the Sl:lr.face at times T which cover the entire 

range from· 0 to t. The integrand es,sen.tially represents the probability that· 

a molecule emd:.tted at time T wall have the correct speed (and hence transit 
"Wiil:l-., .... :··;-

time) to arrive at the ionizer at time t. 

There are t1«> ways of utilizing Eq(3) for comparing data with theory. 

The first method consists of using one of the therJOOchemical models of uo2 

derived fran low-temperature measurements to predict the equilibrium pressure 

Pi. Using. this to calculate the theoretical molecular density transient by Eq (3), 

eithe.r the measured or the calculated temperature transient Ts (t) can be 
. . - • ~ -;.,» 

used. However, the surface composition transient x
5 

(t) can only be 

calculated. An example of this approach is illustrated in Fig. 13, in which 

the normalized vapor densi~ curve for the vapor species uo2 obtained from 

the experiment is compared with the canputed response for the same species. 

The latter was detennined fran Eq (3) using Blackburn's model (17) of the uo2 

pressure; surface temperature and canposition were computed by the technique 

of Ref. 11. Although the shapes of the distributions are remarkably similar 

for theory and experiment, the maxima differ by 0. 2 5 ms. The arrow shown 

in Fig. 13 is the time-of-arrival corresponding to the maximum molecular density 
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as predicted by a gasdynamic model (20). The discrepancy in the time of the 

peak density between this theoretical model and the experiment is even 

greater than that for the free molecule evaporation model. In addition, 

the width of the time-of-arrival distribution computed from the gasdynamic 

model (not shown on Fig. 13) is narrower than that of the data or of the 

free molecule model. 

FiguTe 14 compares the maximum density of the uo2 time-of-arrival 

curves for six laser .shots covering a tW9-fold range in energy with the 

theocret·ical prediction's usirrg t.J;te same basis of that employed in preparing 

Fig. 13. The break in the line is due t·o the change in laser characteristics 

at a puls.e energy of llJ (see· Fig. 2}. 

The low-tempera\t-ure the'rlll0Ch.emi;cal.models give the pressures of all 

species (i = U,H0,HG2. and U@3}, which. prorides an0ther means of comparing 

theory with experment. Because the da~ta for U,UO and uo3 are sensitive to 
~;··•-";-

the fragmentation patte.m d-ue to electron impact in the mass spectrometer, 

they are not as reliable· as the uo2 results, which are relatively free from 

this c0mplication. For example, U+ arises nearly entirely from fragmentation 

of uo2 which is present at fOl!ll" orders of magnitude higher density. In 

addition, the results for uo3 are mre reliable than those of UO because 

+· 
the uo3 signal represents only parent ions. With these caveats in mind, !able 1 

compares the experimental results and theoretical predictions of the ratios of 

the maximun molecular densities of uo3 and UO relative to uo2 for the six series 

of laser shots . Of the three models examined, those of Blackburn (17) and 

Breitung(21) are consistent with the experiments. The Green-Leibowitz model 

(22) predicts a higher fraction of uo3 in the vapor than observed. 

In reactor safety applications, the uo2 equation of state usually appears 

as a pressure-temperature relation. This suggests an alternative means of 

-15-



comparing the present data with previous work at low temperature. The laser/ 

mass spectrometer data for a particular species (say the dominant uo2 
IOOlecule) are used in the left hand side of F.q (3) and a P-T relation 

chosen for the integrand on the right hand side to best fit these data. 

To reduce the canputations required, fitting is done with the maxiim.un uo2 
densities shoWl in Fig. 14 rather than some other feature of the time-of

arrival curve (such. as its area). The fonn of the vapor pressure equation 

is: 

logP = A + B/T + ClogT (4) 

where the constants A, B and C are chosen by the fitting process. The 

results of this procedure depend upon the Sl:lrface temperature history Ts (t) 

used in the integral of Eq{3). As illustrated by Fig. 10, the observed 

and calculated surface tempera·tures differ in shape, and this difference is 

reflected in the constants of the vapor pressure fOl"Dlllla detennined by data 

fitting. Because of this uncertainty in temperatures, the results of the 

fitting process are shown in Fig. 15 as a band. The upper limit of the 

dG>tted area represents the vapor pressure for formula detennined on the 

basis of calculated surface temperatures and the lower limit of the band 

corresponds to the use of measured surface· temperature histories in the 

data fitting process. Also shown on Fig .. 15 is the uo2 pressure computed 

fran Blackburn's model(l7). The tmcertainty band in the urania total 

(not uo2) pressure reccmnended by the IAEA working group (2) is also shown 

in Fig. 15. The present data fall on the low side of this band. 

Because of the incongruency of urania vaporization, the 0/U ratio of 

the vaporizing surface was well below two. The data band in Fig. 15 there

fore represents evaporation of highly hypostoichiametric urania. However, 
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theoretical models of urania thennochemistry indicate that the total pressure 

(and probably that of uo2 also) is not sensitive to the 0/U ratio(22). 

III. 5 Degree of Ionization of the Vapor 

Neglecting the small blip on the left fumd side of the trace in Fig. 12, 

tw time maxima are detected for all the species except uo3 , for which the ion 

signal is probably too small to be measurable. The first peak is 

·believed to aTise frca hot ions emitted with the vapor cloud because it 

persists when the filament current in the ionizer is turned off. Without 

an ionizing electron current the larger second peak in Fig. 12 disappears. 

The degree of ionization. of the hot vapor can be estimated from the 

double-peaked mass spectrometer signals·. The relative magnitudes of the 

raw signals in Fig. 12 do not directly reflect the ion content of the vapor 

because the mass spectrometer dbes not have· the sante efficiences for ions 

as for neutra:l molecules. The ionization. fraction for neutral molecules 

in· ccmaercial quadrupole mass· spectraneter.s is of the order of 10-4 while 

that for fons is by· definition unity.. An e,fficiency of ian extraction less than 

unity results from tbe. fact that the beam enters the mass spectraneter 

ionizer (whether as ions or as neutrals) at tight angles to the axis of the 

quadrupole stnxture{Z3). Because of t.ftis configuration, rapidly moving 

ions are not as easily extracted as the more slowly moving neutrals which 

are ionized by electron impact. The thennal molecules emitted from the 

surface have translational energies corresponding roughly to that of an 

equilibrium gas at "' 4000 K, or about 0. 35 eV. 

Estimation of the energy of the ions contained in the emitted vapor is 

more difficult. Ion production due to oombarcbnent of solids by Q-switched 

lasers is well established, and is in fact the basis of CCIJIDJlercial laser 
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ion source mass spectrometers(24). For peak laser intensities of 109 
- 1010 

W/Oll2, ions with energies up to "' 1000 eV nave been observed, with fairly 

narrow energy distributions (25). For high mass materials, the average ion 

kinetic energy varies approximately as the 1/3 power of the laser intensity(lO), 

at least in the Q-switched intensity range.. Extrapolating down to the range 

of 105 - 106 W/c::ri peak intensities characteristic of the normal mode pt:J.].ses 

used in this work, the average energy of the ions in the vapor is estimated 

to be 3Q eV. This order of magnitude est·imate of ion energies is supported 

by the observed delay times betl>Jeen tfle ion peak and the initiation of the 

laser pulse. The ion flight time is sho'Wil in Fig. 16 for the UO + signal 

recorded with the icmizer ctrr:amt in the mass spectraueter shut off. The 

0.15 JDS· delay between the ion an-ivai curve and the laser irradiation c:t:.trVe 

corresponds to the· trcws:it tEIJe of· UO+ ions of 11 ev· energy. In s'd.milar 

+ + + tests., the t.imes of arrival of the m.aximum ion signals for u ,. uo and uo2 

were found to vary as the square root of the ion mass. Because the ionizer 

cage of the mass spectrometer is held at 11 V abave. ground potential during 

nonnal operation, the ions entering the extraction region of the instroment 

have translational energies of"' 2.0 eV if the 30 eV estimate based on peak 

laser intensity is accepted. rn addition., ions with energies less than 11 

eV will not reach the detection 5Ystem at all. Very fast ions will pass 

through the ionizer cage without oeing extracted into the quadrupole 

structure. 

Assuming that the ion and neutral signals recorded by the mass 

spectrometer correspond to translational energies of 20 and 0. 35 eV, 

respectively, the extraction efficiences are estimated from the method 

presented in Ref. 23 to be 1% and 80%, respectively. Combining these 
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figures with the ionization efficiencies of the neutrals (taken to be 10-4) 

and for .the ions (tmi ty) , the latter are detected with an efficiency which 

is (10- 2/0.8) (1/10-4) = 125 times greater than the former. Rough estimates 

of the areas tmder the ion and neutral peaks in Fig. 12 shows the fonner to 

be ~% of the latter. Taking into account the relative detection efficiencies, 
-4 . 

the fractional ion content of the vapor is fotmd to be 5xl0 . This value is 

much smaller than the ""2% calculated degree of ionization reported by Karow(26), 

which is based on Saha' s equation applied to an effective tmisolated ioniza

tion potential. However, because of the very approximate nature of the 

detection efficiency of neutrals and the inability of the detector to 

respond to low and high energy ions, the experimental ion fraction in the 

hot vapor is a lower limit on the actual value. By way of canpa.rison, ion 

fractions produced from nannal mecl:e laser pulses of the type used here are 

-5 -2 
reported by Kovalev, et al ,.(2:5) t·o range fran 10 up to ""10 . 

Although there are theoretical grounds for rationalizing the observed 

fraction of ions observed in the ejected vapor, the very high energies of 

these ions compared to thermal energies (defined by the "' 4000 K neutrals) 

is difficult to tmderstand. Whether the source of the ions is thermionic 

emission from the surface, as suggested by Ready(lO), or gaseous ionization 

as asstuned by Karow(26), the resulting ions should share the thermal energy 

of the rest of the vapor. Ho1rever, the ions detected in the experiments 

are clearly not in thermal equilibrium with the neutral molecules emitted 

from the surface. It is possible that the electrons in the vapor cloud are 

accelerated to sufficiently high energies by the electromagnetic field of 

the incident laser light to transfer tens of electron volts of kinetic 

energy to ion with which they collide. 
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IV. CONCWSIONS 

The mass spectrometric tedmique is the only way of identifying and 

measuring the evaporation rates of different species from vaporizing solids. 

The time-of-arrival curves pennit estimation of the velocity of the 

blowoff, thus providing a way of directly checking whether 

transient vaporization is an equilibritun process. The results of the 

vapor pressure and the vapor cOIIlpQsition for uo2 deduced from the present 

experiments generally sypport existing tneTmQcnemical models for calculating 

the equilibritun pa1rtial pressure of each species by extrapolation of low

temperature measureJDelillts. The g0oo accord also suggests that equilibrium: 

vaporization, after taking into accotmt the oxygen depletion of· the surface, 

successfully describes the vaporization proces.s in the suo-millisecond 

transient.. Tile tram5.ien•t calculatic.m presented in Ref. 11 is more sui table· 

than either the. cc:mgment or the "'farced congruent" (2'7) calculations for this 

.... purpose. 

Comparison of the measlllred time-of-arrival and the width of the mass 

spectrCiJJiletric signals to the free molecule (collisionless expansion) and 

gasdynamic (collision·-daninated cont·inuum flow) models suggests that the 

former best represents the bloWCl>ff process in vacuum. This observation is 

the opposite of that made by Lincoln and Covington (8) who, in a similar 
... 

experiment with other materials (graphite and almnina), measured tenninal 

Mach numbers considerably larger than one. 

The mass spectrometric measurement also provides a very approximate 

measure of the degree of ionization of the nigh temperature vapor ejected 

from the surface. The experimental result is lower than the calculation based 

on Saha' s equilibriun model, but the experimental teclmique may have missed 

large nunbers at low energy ions. 
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TABLE 1 

The Ratios of 11-1aximum U03 and UO Densities to tnose of uo2 

laser max max max I max 
IUo l Iluo lluo lluo3 energy 3 2 

Theor:~~' hp Theory Exp 
(J) (17) (.21) (22) (17) (21) (22) 

10.6 .13 .29 . 97 .10 .16 .22 .008 •. 28 

10.3 .. 14' . 32 I. 00 .15 .13 .19 .007 .24 

11.4· .14 • 3'(!) .9:S •. 13 .13 .22 .008 .10 

16 .. 8 .1@ .22 •. 75 .07 .31 •. 49 .015 .22 

7.3 .2(1) •. 38 1.16 • .zz: .OS .11 .004 .06 

10.2 .14 •. 31 .99 .12. .13 .20 .007 .28 
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FIGURE CAPTIONS 

1. Apparatus for detection of laser-induced vaporization by mass spectrometry 

2. Time dependence of the laser power 

3. Radial dependence of laser pol<er; spots viewed by: (a) the mass 

spectrometer and (b) the optical pyrometer 

4. The mass. spectrometer signals for steady state vacuum vaporization of 

stoichiometric urania 

5. Fragment at ion pattern of gaseous uranium oxide for 70 V electrons 

6. Scanning electron microscope images of the surface of laser-irradiated 

uo.., 
"' 

7. Profilimeter trace of uo2 surface after five 28J laser shots on the same 

spot 

8. Angular distribution of the laser blow-of( 

9. Aluminum disk collector surface folle>Wing five shots of 28J on a uo2 

target (a), (b) Scarming electron: microphotograpfs, (c) EDAX analysis 

of the white spot in (b) 

10. Surface temperature transient following a lOJ laser pulse 

11. Maximum surface temperatures 

12. uo; oscilloscope signal fram mass spectrometer; vertical: 0.1 volts/div 

and horizontal: 1 ms/div 

13. Normalized uo2 molecular density: frcm mass spectrcmeter signal (solid line); 

free-molecule flow model (dashed line); gasdynamic expansion 

roodel (arrow) 

14. Maximum uo2 molecular density in the mass spectrometer ionizer 
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15. The pressure - temperature relation for uo2 

-- Blackburn's model for uo2 partial pressure (17) 

RecoJllllended limits of total vapor pressure (2) 

--~-
~This ~rk. 

16. Laser and mass spectrometer signal for uo· with.no ionizing electron 

current 
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