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HIGH TEMPERATURE MASS SPECTROMETRY 

James A. Roberts, Jr. 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory 
and Department of Materials Science and Engineering, 

College of Engineering; University of California, 
Berkeley, California 94720 

ABSTRACT 

Two investigations demonstrating new aspects of the high temperature 

Knudsen cell mass spectrometer technique have been made. 

The intensities of mass spectrometer ion peaks 'attributable to 

CeF3( g) and Ce2F6 (g) have been measured as functions of temperature for 

the equilibrium vapor over CeF3(S). These results, plus new measurements 

of the partial vapor ,pressures over LaF3(S) cast doubt on an explanation 

suggested by Skinner and Searcy for their anomalous measured entropies 

of LaF3 (g) dimerization. The possibility, which they suggested, that 

dimer intensities are underestimated because of masking of the principal 

dimer peaks by monomer peaks cannot be eliminated, but is rendered less 

likely by the demonstration that that kind of fragmentation is not 

important for A12C16 (g). Measured temperature dependences of the mono"" 

mer vapor pressures are in satisfactory agreement with values found in 

earlier torsion effusion measurements. But evidence is presented that 

measured dimer temperature dependences are anomalously low because of 

selective scattering of dimers from the molecular beam outside the 

effusion cell at high beam pressures. 

The data seem best interpreted by use of conventional assumptions 

to obtain dimer/monomer pressure ratios and use of entropies of dimeriza-

tion estimated from values measured for other systems. This procedure 
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leads to -51. 5 ± 7 kcal for the enthalpy of dimerization of CeF 3 (g) and 

-54.2 ± 7 kcal for the enthalpy of dimerization of LaF3(g) at 1577°K. 

Ion intensity, time, temperature data have been used to calculate 

the congruent vaporization composition as a function of temperature for 

gallium sesquisulfide (Ga2S3) between 1050 and 1370oK. Discontinuities 

in the congruent composition vs temperature curves found at 1230 ± 5°K 

and 1295 ± 5°K indicate phase transitions. 

The congruent composition remains fairly constant at 60.16 a/oS 

from 1050 to li90oK. From 1190 to 12300 K the composition gradually 

changes to 60.11 a/o S. At 1230 ± 5°K the congruent composition discon

tinuously jumps to 59.77 a/o S. Between 1?30 and 1295°K the composition 

changes linearly to 59.68 a/o S, then discontinuously jumps to 57.6 

a/o S. The composition changes between 1295 and 1370 0 K to 57.3 a/o S. 

Partial pressure vs composition at constant composition curves for 

the two major vapor species, S2(g) and Ga2S(g), have also been con

structed. An anomaly found when the phase transition at 1230 0 K is 

traversed wherein the Ga2S(g) partial pressure temporarily increases when 

the temperature is decreased is explained by reference to schematic 

equilibrium free energy diagrams. 

The second law heat of vaporization for the stoichiometric reaction 

Ga2 S 3 (s) = Ga2 S (g) + S2 (g) was calculated for the temperature range 

1286 to 1050 0 K to be 157.3 ± 0.5 kcal/mole of Ga2S3. 
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GENERAL INTRODUCTION 

This thesis describes Knudsen cell mass spectrometric investigations 

of (1) the stabilities of the Ce2Fs (g) and La2Fd g) dimer molecules 

and (2) the congruent vaporization composition of gallium sesquisulfide. 

Although chemically these are rather unrelated topics, each project 

demonstrates a new aspect of the mass spectrometric technique in its 

application to high temperature chemical studies. 

The dimer studies reveal a source of systematic error which may be 

encountered in chemical systems with vapor species of very different 

partial pressures. The source of error is preferential scattering of 

the minor species from the beam outside the Knudsen cell. 

In the gallium sesquisulfide study, mass spectrometry was used to 

determine the changes in the congruent vaporizing composition of the 

solid with temperature. The method, which involves integrating ion 

intensity vs'time data, has previously been used .to measure gross 

changes in composition but not to measure the small changes quanti ta

tively examined here. Curves of partial pressure vs composition at 

constant temperature were calculated from the data. This method is 

especially satisfying in that it takes particular advantage of the most 

sensitive aspects of the Knudsen cell mass spectrometric technique, 

while at the same time it minimizes the weaknesses. 
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PART 1 

THE STABILITIES OF Ce2F6(g) AND La2F6(g) 

-~ 
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I. INTRODUCTION 

The existence of La2FS in the equilibrium vapor of lanthanum 

1 fluoride has recently been demonstrated by Skinner and Searcy. They 

found that the entropy for the reaction La2Fs (g) = 2LaF3 (g) calculated 

by conventional analysis of the mass spectrometer data appeared anoma-

lously high when compared wi-th entropies of similar reactions. From 

analogy with observed fragmentation behavior of gaseous halides that 

contain two different kinds of metal atoms, they reasoned that their 

anomalous measured entropy was not real but was a result of extensive 

+ fragmentation of the La2F6 parent to LaF2 + LaF3 + F + e- under electron 

impact in the ion source of the mass spectrometer. + . The LaF2 formed ln 

+ . the above reaction would be masked by the LaF2 WhlCh was produced as the 

major ion species from LaF3(g). Calculation of pressures from inten

+ sities of the fragment peak, La2Fs, which was not masked, on the assump-

.+ 
tion that La2Fs . is· the prin.cipal peak, would then lead to an apparent 

pressure of the dimer that was below its actual pressure. 

Skinner and Searcy suggested that their interpretation of the 

lanthanum fluoride data might be tested by studying the dimer to monomer 

vapor pressure ratios in cerium fluoride vapor. The additional electron 

on each cerium atom as compared to lanthanum might give added stability 

to the dimer molecule and might reduce the tendency of the diwer ion to 

+/ + . . fragment. Thus the measured Ce2Fs CeF2 intenslty ratlos could more 

nearly reflect true relative dimer to monomer pressure ratios. Certainly 

the possibility that concentrations of polymeric vapor species are some-

times underestimated because their principal ionic fragments are masked 
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by ions from the monomer deserves more detailed examination. The mass 

"jA<', spectrometric study of the gaseous species above CeF 3 (s) described in 

this paper was undertaken with that objecti ve ~ 

+ + 
The present study has yielded Ce2FS to CeF2 ion intensity ratios 

+ + 
close to the La2FS to LaF2 ratios, but the ratios for the cerium fluor-

ide ions varies more steeply with temperature. '['his fact suggests that 

measurements of the temperature dependence of the very low intensity 

+ + La2Fs and Ce2F's peaks may be subject to greater experimental error than 

supposed by Skinner and Searcy. Accordingly, we have made additional 

+ + 
measurements for La2Fs and LaF2 ions and discuss alternate interpreta-

tions of the data for both fluoride systems. 



-4-

II. EXPERIMENTAL 

This study was carried out with the same 60° sector, 1 foot radius, 

magnetic deflection mass spectrometer used in the previous lanthanum 

. 1 
fluoride study. Samples were held in a graphite-lined molybdenum effu-

sion cell which was heated by electron bombardment. Temperatures were 

measured with a Pt vs pt 10% Rh thermocouple clamped into a hole in the 

bottom of the cell. The CeF3, supplied by Electronic Space Products, 

Inc., was of a nominal 99.9% purity. Small concentrations of other rare 

earth elements were the principal spectroscopically identifiable im-

"t" 2 purl les. Spectrographic analyses of samples after a run showed no 

increase in impurity concentrations. Debye-Scherrer X-ray analysis of 

the samples showed the proper crystal structure and lattice parameters 

for CeF3(S).3 No lines that did not fit the CeF3 hexagonal structure 

were observed. The lanthanum fluoride was the same material used in the 

earlier study. To extend the range of pressures. that could be measured, 

orifices of three different sizes were used (see Table I). 

Ionizing electrons of 70 eV energy produced shutterable ion peaks. 

Identification of the masses corresponding to the measured ion peaks was 

made by use of a calibrated gauss indicator and confirmed by ccmparing 
). 

the observed mass spectrums with the published isotopic abundances. '+ At 

least 20 min. were allowed between measurements to ensure that equilib-

rium was reached. 

+ + The ion peaks CeF2 and Ce2FS which must be produced primarily by 

the dissociative ionization of CeF3 and Ce2F6 respectively, were 

+ observed. A small fraction of the CeF2 may be produced by dissociative 

+ ionization of Ce2F6 but the maxi mUll'. intensity of CeF2 that would result 
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from this second process is too low to influence significantly the 

+ measured CeF2 intensities or temperature dependence in the experimental 

range. 

Calibration experiments were conducted during which the intensity 

of the ion peak corresponding to CeFi was measured as a function of 

temperature. Second law heats of vaporization were calculated from the 

+ + slopes of the log (1 T) vs liT (1 = ion intensity, T = absolute tempera-

+ ture, and 1 T is proportional to pressure) curves. The heat calculated, 

which essentially equals the total heat of vaporization of the solid in 

the experimental temperature range since the number of dimers present is 

too low to substantially affect the total heat, was in only fair agree-

ment with the heat of vaporization of cerium fluoride determined by the 

torsion effusion method reported by Lim and Searcy.5 To determine which 

value should be accepted alternate runs over the same temperature range 

were made on cerium fluoride monomers and on the lanthanum fluoride for 

which carefully calibrated torsion effusion measurements had been made 

6 by Mar and Searcy. 

To obtain Ce2F; intensities relative to CeF~ as a function of 

temperature, the measurements had to be carried to higher temperature 

than in the calibration experiments because of the low' intensity of the 

+ dimer. Plots of log (1 T) vs liT that were obtained for both monomer 

and dimer showed downward deviations from linearity that were too large 

to be caused solely by heat capacity changes (Fig. 1). 
+ . 

The deviation from linearity of the Ce2Fs data was greater than 

+ for the CeF2 data. It was apparent, therefore, that a similar bending 

+ of the log (1 T) vs liT plots in the high pressure range, if an artifact 
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cf the measurements, rr,ight have led Skinner and Searcy to a misinterpre-

tation of their lanthanum fluoride measurements. Because dimer d2.ta was 

necessarily collected over a restricted temperature range where the 

+ curvature would be most pronounced, the measured slope of the log (1 T) 

vs liT curves for the dimer might well be systematically too low rela-

tive to that for the monomer. 

+ + + Superposition of plots of log (1 T) vs liT for the CeF2 and Ce2Fs 

+ + 
on plots for LaF2 and La2Fs obtained by Skinner and Searcy showed nearly 

identical monomer to dimer ratios in each system, but a lower tempera-

+ + ture dependence for La2Fs than for Ce2Fs. Accordingly, two runs were 

made to remeasure the LaF3 to La2F6 ratios in order to determine if the 

difference in temperature dependence was a consequence of a systematic 

error in measurements for one or both metal fluoride systems. The new 

measurements yielded La2Ft temperature variations that are closely 

+ similar to .those found for Ce2Fs. 
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III. RESULTS 

Systematic differences w·ere found in the absolute values of the 

measured heats of vaporization of the monomers betw-een the calibration 

experiments, the cerium fluoride monomer/dimer ratio experiments, and 

the lanthanum fluoride monomer/dimer ratio experiments. These dif-

ferences resu~ted from slight alterations in the effusion cell heating 

arrangement mad.e between these three sets of measurements when broken 

heating filaments were replaced. The differences were probably largely 

consequences of small changes in temperature gradients in the effusion 

cells. 7 Temperature gradients are particularly difficult to control in 

mass spectrometers. In an earlier paper, data for vaporization of mono

mers of various lanthanide element fluorides are summarized8 and it is 

pointed out that the entropies of vaporization calculated from various 

Il'.ass spectrometer studies show suspiciously great deviation from each 

other. Recently Wesley and DeKock9 have calculated entropies for 

several lanthanide metal fluorides from spectroscopic data obtained by 

matrix isolation and have concurred in the conclusion that the data ob-

tained in the torsion effusion stUdies are in better agreement with the 

third law entropies than are the results of the mass spectrometer 

studies. 

The influence of systematic temperature errors in the ratios of 

pressures of two species measured in the mass spectrometer with nearly 

identical conditions, however, should be relatively low. We have 

accepted the pressures measured for LaF3( g) by the torsion effusion 

method as most reliable because the temperature scale was ve:ri :::ie':" -:,:r 

measurements of the vapor pressure of tin, and we give equal weight to 
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the enthalpy of vaporization calculated from direct measurement of 

CeF3(g) vaporization and to that calculated from the differences in 

measured pressure dependences found in alternate mass spectrometer runs 

under nearly identical experimental conditions. 

The calibration investigation of the lanthanum and cerium fluoride 

monomers made over the temperature range 1280-1488°K yielded second law 

heats of vaporization of 102.1 ± 0.4 and 102.3 ± 0.4 kcal/mol for 

LaF3(g) and 100.0 ± 0.6 and 100.3 ± 0.5 kcal/mol for CeF 3(g). These 

runs give an average value of the heat of vaporization of CeF3 that is 

2.0 kcal/mol less than that of LaF3. The torsion effusion data for 

CeF35 indicate the heat of vaporization of CeF3 to be 5.8 kcal/mol less 

than that of LaF3. We assume that the correct value for the heat of 

sublimation of lanthan.Ull", fluoride to LaF3 (g) is 99.4 kcal/mol at 1495°K, 

6 as found by Mar and Searcy, and that the value for CeF3(g) is 3.9 kcal/ 

mol less, 95.5 kcal/mol. 

In our initial evaluation of our data, we noticed curvature of the 

log I+T vs liT plots at high temperatures (see Fig. 1). Least squares 

+ 
fits of log (I T) vs liT were made for the CeF3 monomer using all the 

data points taken during a particular run, then excluding only the point 

taken at the highest temperature, then excluding the two points taken at 

the highest temperatures, etc. The value A/d = 1.36, where A = mean free 

10 path of the CeF3 monomer as calculated from the hard sphere model and 

d = orifice diameter or width, was selected as the value of A/d above 

which curvature significantly influenced the apparent enthalpies of sub-

limation to the monomer. The temperature dependence of the dimer data 

present a special problem which we analyze in the discussion section. 
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Data judged as acceptable using the above procedure are referred 

to as "selected" data and are the only data used in thermodynamic evalua-

tions unless it is specifically stated that all data are being con-

sidered. '[he temperature limits for the lanthanum fluoride data were 

selected using the same Aid value calculated above and the vapor 

pressure of LaF3(g) reported by Mar and Searcy. 

+ To convert the I T data for each monomer to vapor pressures, the 

least squares fits of the heat capacity-corrected selected data for the 

monom~r for each run were made to coincide with the vapor pressure found 

at the rr~d point of torsion-effusion experimental range. The same 

factors for each run, after corrections for estimated relative cross 

section for electron impact ionization and isotopic abundance, 
4 

were 

applied to the dimer data. The cross section for electron impact 

ionization of the dimers was estimated to be 1.5 times the cross section 

for the respective monomers. This is the approximate average· found for 

alkali halide dimers by Berkowitz, et al. 11 and is the value used by 

1 
Skinner and Searcy in their investigation of lanathanum fluoride. The 

electron multiplier gain was estimated to be the same for both the mono-

mer and dimer. 

Fragmentation patterns for both systems and the appearance poten-

tials of the various cerium fluoride ions measured by the method of 

extrapolated differences using mercury as a standard are shown in Table 

II. 
+ + . 

Neither Ce2F6 nor La2F6 parent ions was observed. A small concen-

. + 
tratlon of LaF3 may have been present that could not be observed because 

the background mercury peak has the same mass number as the expected 

+ 
peak for LaF3. 
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The heat capacities used in the calculations involving cerium 

fluoride were C (s) = 17.90 + 10.14 x 10-3 T + 1.10 x 105 T-2 cal/deg/ 
p . 

1 f C F ( ) d b Ko d Ch ° t 12 d C mo e 0 e 3 s as measure y lng an rls ensen an 
p 

(monorr,er) = 

20.214 + 0.477 x 10-3 T - 2.629 x 105 T-
2 

cal/deg/mole of CeF3(g) which 

was estimated by Lim and Searcy. If new heat capacity data of Charlu, 

13 
et al. had been used in the various calculations, the enthalpy of 

vaporization of the monomer, for example, would be decreased by less 

than 0.03 kcal/mol in the experimental temperature range. The heat 

capacity of solid LaF3 has recently been measured; 14 use of this experi-

mentally measured heat capacity changes the dimerization values from 

those that would be obtained by use of the heat capacities estimated by 

Mar and SE7arcy by less than 0.2% at 1577°K. Following Skinner and 

1 
Searcy, the heat capacity of the dimer for both systems was estimated 

to exceed two times the heat capacity of the monomer by 4 cal/deg/mole. 

All of the dat.a points , with the points that were discarded 

darkened in, are shown in Fig. 1. The second law enthalpies and en-

tropies of vaporization calcula.ted without correction for /:JC from least 
p 

squares fits of the data grouped by individual runs and combined are 

shown in Table III. 

The enthalpy of sublimation of CeF3(g) was assumed to be 3.9 kcal 

less than the enthalpy of SUblimation of LaF3(g) .found by Mar and Searcy 

at 1495°K.· Their value at 1477°K was used to normalize the LaF3(g) 

data. The pressure mea.sured for CeF3 (g) at 1495°K by Lim and Searcy 

was accepted. 'Ilhe thermodynemic functions at 1577°K corrected for heat 

capaci ty changes by means of Sigma calculations
15 

are summarized in 

Table IV. 
o + 

These values were calculated on the assumptlons that Ce2Fs 

I. 
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+ and La2Fs are the principal fragments produced by collision of' 70 eli 

energy electrons with Ce2F6 and La2F6 and that the measured temperature 

+ + depenQences for Ce2Fs and La2F5 correctly reflect the partial pressuxes 

of Ce2F6 and La2F6' The second of these assumptions is rejected in the 

concluding sect.ion of this paper. The error limits quoted thus far have 

been the standard deviations from the least square fits and have in-

cluded no estimat.e of the actual experimental errors. 
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IV. DISCUSSION 

The first and most o:t>vious conclusion to be drawn from the preserit 

work is that the intensity ratios for ion peaks of CeF3 and LaF3 are 

essentially equal and show an essentially identical temperature depen

dence. (See Table IV.) Thus the additional electron on each cerium 

atom does not make Ce2F6(g) more stable than La2F6(g) relative to frag

mentation and the problem of evaluation of pressures of Ce2F6(g) from 

intensity data is the same as for La2F6(g). 

A completely unambiguous evaluation of dimer stabilities is not 

possible from present information for either system, but the evidence now 

weighs strongly against the interpretation given by Skinner and Searcy. 

They noted that their measured entropy of dimerization of La2F6 differed 

markedly from entropies of analogous reactions and pointed out that the 

fragmentation behavior of mixed metal halides supported the conclusion 

that the major ion fragment of the dimer could be LaF~, which would be . 

masked by the monomer peak. They accepted their measured heat of 

vaporization of La2F6 as correct, but obtained a c.orrected pressure by 

assuming that the entropy of dimerization should be the same as the 

entropy of dimerization measured for Al2F6(-35 eu/mol of dimer). This 

required increasing the experimentally measured entropy of vaporization 

of the La2F6 by about 11 eu/mol of La2F6. This increase was effected by 

multiplying all the apparent dimer pressures by a constant factor of 

about 250. To make the same normalization using the present LaF3 data, 

the entropy of dimerization of La2F6 would have to be increased by about 

7 eu which would require that the pressure of the La2F6 be multiplied by 

a factor of about 35. To increase the dimerization entropy of Ce2F6 to 

... 
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-35 would require a 6 eu increase in the entropy of vaporization of 

Ce2F6 which could be achieved by multiplying the Ce2F6 pressure by a 

factor of about 20. 

Unobservable fragmentation of the kind suggested by Skinner and 

Searcy is a possible source of error that should be considered in 

evaluating any mass spectrometer polymer data. But Buchler, Feather, 

16 
and Searcy have recently shown for conditions under which Ah C16 (g) is 

+ known to be the maj or vapor species for aluminum chloride that A12 Cls 

+ ion intensities exceed AlC12 intensities by a factor of six. This result 

does not eliminate the possibility of extensive fragmentation for 

lanthanide element fluorides, but does make it seem less likely. The 

present dimerization entropies are closer to the expected values than 

is the value measured by Skinner and Searcy. Thus smaller errors in 

measured relative temperature dependences would bring the dimerization 

entropies to the expected values. The mere fact that there is a dis-

crepancy between the two sets of data for La2F6 requires recognition 

that large errors in the heats of vaporization of the dimer are possible. 

Furthermore, the present study shows clear evidence that high 

pressure intensity measurements deviate systematically downward from 

data extrapolated from lower pressure measurements, with the deviation 

of the dimer being greater than for the monomer. The same type of down-

ward deviation at high pressures has also recently been seen by Feather 

and Searcy17 in a mass spectrometric study of low intensity sodium 

chloride polymers. 
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A systematic error that would cause the dimer intensity measure-

ments to deviate downward more sharply with increased temperature than 

monomer intensities is unexpected in terms of presently recognized 

limitations of mass spectrometer measurements. The. main expected sources 

of systematic error at high pressures are systematic temperature errors, 

saturation of the ion detectors, and deviation of the vapor from Knudsen 

flow toward hydrodynamic flow. A systematic temperature error should 

not show the selective effect on dimer data that was observed. Satura-

tion of the ion detector should selectively introduce error in monomer 

measurements at high pressures rather than in dimer measurements. Onset 

of hydrodynamic flow has been demonstrated18 ,19 to produce deviations of 

measured pressures upward from extrapolations of low temperature data 

rather than downward. Under some experimental conditions, however, some 

.. indication of dips in the curve of experimental data below the extrapo..,. 

lated curves have been reported. 

Studies by Carlson, Gilles, and Thorn19 of effusion from cells of 

different orifice geometries show that the total rate of effusion in-

creases above that expected from the molecular flow· equation when 

measurements are made at too high a pressure for a particular orifice. 

The magnitude of this effect depends on the length of the orifice. For 

the higher length L of orifice to radius R of orifice rations, a small 

dip of the measured pressures below the vapor pressures extrapolated 

from the Knudsen flow range was observed as the pressure in the cell 

increased. As the pressure was still further increased, the measured 

pressures increased above the extrapolated vapor pressures. This dip 

was not observed for a near ideal orifice (L/R = 0.07). As the authors 
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pointed out, since the magnitude of the dip is within their experimental 

error, the dip may not be real for any of the values of L/R they studied, 

20 although a similar dip has been reported by other authors in experi-

ments on permanent gases for values of L/R much greater than used in the 

mass spectrometer studies. 

Schulz and searcy18 in an investigation of the total momentum of 

equilibrium vapor in torsion effusion for orifices of L/R values from 

1 to 4 saw only a deviation upward of measured pressures from the 

extrapolated low pressure curves. Stickney, et al. 21 have studied the 

angular distribution of cesium vapor beams from orifices of different 

lengths. The centerline intensities for a near ideal orifice (L/R = 

0.08) were found to increase aboye the values expected for Knudsen flow 

as the pressure was raised. For longer orifices of the same radius, the 

centerline intensities first dropped below the values expected for 

molecular flow, then as the pressure was further increased, the inten-

si ties increased above those expected for Knudsen flow. Other 

authors22- 25 have reported similar findings. 

Velocity distributions in the transition region have also been 

25-28 . measured,. and It has been reported that when Knudsen flow con-

ditions are violated for non-ideal orifices, the velocity distribution 

is distorted from Maxwellian with too few low speed or too many high 

speed molecules effusing in the forward direction. Since the total 

masses that effused were not measured, these two possibilities could not 

be .distinguished. The distortion becomes greater as the L/R ratio of 

the orifice is increased. 
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Thus. there may be a transition range in which a slight dip below 

the extrapolated pressures can occur, especially in the direction normal 

to the orifice. But an effect at the orifice that would alone be enough 

to explain the data of Fig. 1 seems unlikely. 

Scattering of the vapor molecules after they leave the cell, how

ever, could cause the observed behavior. Troi tskii 29 has 'concluded on 

the basis a theoretical analysis that the mean .free path for molecules 

in a beam is only three times that for the molecules in an equilibrium 

vapor of the same density. 30 Brewer, Berg, and Rosenblatt observed 

collision quenching in iodine vapor beams that werequali tati vely con-

sistent with expectations from Troitskii's calculations. 

David Meschi 31 has recently calculated the collision probability 

for monomers and dimers in a beam formed by effusion of an ideal gas at 

equilibrium through an orifice. Because in our study the dimer concen-

tration in the beam' is much lower than the monomer concentration, a given 

number of monomer-dimer collisions will scatter a larger fraction of the 

dimers in the beam than of the monomers. The results, which should be 

reliable to within an order of magnitude predict that dimer scattering 

should exceed monomer scattering and should become observable at about 

the apparent pressures that we observe. 

The more limited dimer data of Skinner and Searcy do not show the 

clear evidence of curvature in the (I+T) plots for the dimer that is 

found in the present study. But the difference in'temperature depend-

ence in the fraction of dimer molecules scattered could easily result 

from the differences in orifice geometries and collimating geometries 

between the studies. 

'r. 
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That some factor such as selective scattering from the beam in

fluenced the Ce2F6(g) intensity measurements at the higher pressures is 

clearly shown by Fig. 1. Table V summarizes second law heats calculated 

for Ce2F6 from our best two runs when dimer intensity measurements 

beginning at the highest temperature of accepted monomer data are 

successively eliminated. The calculated heats of sublimation of dimer 

rise systematically as the high pressure data are eliminated. 

The calculations of Table V when coupled with Meschi's calculation 

that selective scattering of dimers should become important in the 

pressure range of our study, convince us that the measured dimer tempera

ture dependence for Ce2F6 is lower than the true temperature dependence 

of dimer partial pressure. Too few data for the sublimation of La2F6 

were collected in either study for a similar analysis to be made, but 

the close similarity between the two systems supports the same conclu

sion for the La2F6 dimer. 

In light of the demonstration16 that the principal ion fragment for 

A12C16 does not coincide with the monomer peak, we accept the conven

tional assUmptions for converting ion intensities to pressures and we 

accept as the probable value for the entropy of dimerization in each 

system -35 ± 4 eu for our experimental range. This leads to -51.5 ± 7 

kcal for enthalpy of dimerization of CeF3(g) and to -54.2 ± 7 kca1 for 

dimerization of LaF3 at 1577°K. 
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Table I. Orifice Dimensions 

" 
Orifice Geometry Dimensions, mm Thickness, I!!!!l 

". 

1 circular 1.00, dia 1.07 

2 circular 0.25, dia 0.27 

3 rectangular 3.16 x 0.99 1.15 



r· 

Ion 
(M = Ce or La) 

* 

+ 
£.1 

BF+ 

+ 
MF2 

+ 
MF3 

+ 
M2F5 

See text. 

. .:: .. ,A': 

Table II. Appearance potentials and fragmentation patterns. 

Appearance 
Potentials 
for CeF3 Ions 
(eV) 

25.2 

17.2 

13.5 

11.4 

13~1 

CeF3 Ion Intensities 
at 1473~K Relative 
to CeF2 = 1000 
(70 eV ionizing electrons) 

12B. 

190. 

1000. 

50. 

0.05 

LaF3 Ion Intensities at 
160ijoK Relative to 
LaF2+ = 1000 
(70 eV Ionizing Electrons) 

loB. 

199. 

1000. 

* o. 

0.1 
I 
I\) 
I-' 
I 



Table IIIA. Ehthalpies and Entropies of vaporization of cerium fluoride 
calculated without making heat capacity corrections. 

Monomer (CeF
3

) Dimer (Ce2F 6) . 

No. of Temp. llHv IlSv No. of Temp. 6Hv 
Orifice Data Range (kcal/niole (eu/mole Data Range (kcal/mole 

# Points (OK) CeF
3

) CeF
3

) Points (OK) Ce
2
F6 ) 

Selected Data 

1 16 1524-1214 98~0±0.2 45.2±0.2 1 1522-1431 132.6±4.6 

1 13 1513-1283 98.1±O.2 45.3±0.2 6 1509-1429 141. 3:t7. 5 
2 12 1516-1361 98.1±0.6 45.3±0.4 ' 5 1515-1498 121.9±4.3 

2 10 1586-1391 95.3±0.4 43.4±0.3 5 1584-1509 114.3±3.7 

3 15 1523-1262 98.3±0.4 45.4±0.3 11 1524-1393 136.9±1.1 

3 15 1522-1271 98.1±0.5 45.3±0.3 10 1520-1397 134.6±2.0 
Combined 81 1586-1262 91.9±0.2 45.1±0.1 44 1584-1393 133. 5±1. 2 

All Data 

1 
, 

18 1571-1214 91.3±8.4 44.1±0.3 9 1578-1431 127.2±2.8 

1 16 1601-1283 96.9±0.5 44.4±0.3 9 1602-1429 127.9±3.9 

2 19 1677-1367 95.5±0.6 43.4±0.4 12 1676-1498 . 114. 9±1. 7 

2 11 1670-1391 94.1±0.3 42.6±0.2 12 1611-1509 115.2±1.1. 

3 11 1575-1262 97.4±0.5 44.8±0.4 13 1517-1393 131.9±2.1 

3 11 1575-1271 97.1±0.6 44.6±0.4 12 1572-1397 129.5±2.3 

,Combined . ,:1;04 . ' .. 1677-1262 . ............... ,96.,4±0.2 , 44 .. :I;~O.l . , 61. 1676-1393 . 125. Jr±0.9 
~ 

~- .. ~-

6Sv 
(eu/mole 

Ce2F6 ) 

1,7.1±3.2 

53.6±5.1 

40.7±2.8 

35.8±2.4 

50 .6±1. 2 
~ 
I\) 

I 

1~9. Oil.l~ 

48.3±0.8 

III, .1il. 9 

44.4±2.6 

36.2±1.1 

36.4±0.1 

1+7. 2±l.1~ 

45.5±1.6 

42.8±0.6 

~, 
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Table IIIB. Enthalpiesand entropies of vaporization of lanthanum fluoride 
calculated without making heat capacity corrections. 

Monomer (LaF
3

) Dimer (La2F6 ) :d No. of 
Temp. lilly 6.Sv No. of Temp. Mlv 

Orifice Data. Range (kcal/mole (eu/mole Data Range (kcal/mole 
# Points (OK) LaF

3
) LaF

3
) Points (OK) La2F6 ) 

Selected Data 

1 14 1564-1326 98.1±0.7 43.1±0.5 9 1562-1443 128.8±1.3 

2 12 1644-1400 95.0±0.4 41. O±O. 3 7 1645-1523 128.4±2.4 

Combined 26 1644-1326 97.3±O.5 42.5±0.3 16 1645-1443 129.6±0.9 

All Data 
• 

1 17 1654-1326 96.0±0.9 41.6±0.6 12 1655-11~43 124.5±1.6 

2 15 1106-1400 94.7±0.3 40.8±0.2 10 1101-1523 121.8±1.2 

Combined 32 1706-1326 96.1±0.5 41.7±0.4 22 1101-1443 127.8±1.1 
------ -.~-------- ----- ---- -----.--~-~ - ----~----- -

.\ 

6.Sv 
(eu/mole 

La2F6 ) 

42.1±0.9 

42.5±1.5 

1~3.2±0.6 

39.9±l.0 

42.2±0.8 

1~2 .1±0 .. 7 

I 
I\) 

LV 
I 



Table IV. Measured thermodynamic values at 1577°K 

Thermodynamic 
Quantity 

~v Monomer (kcal) 

* t.Hv Dimer (kcal) 

* LUI Dimeri zation (kcal) 

t.Sv Monomer (eu) 

t.Sv Dimer (eu) * 
* ~S Dimerization (eu) 

Mar and 
Searcy6 

98.4 

43.1 

LaF3 Data 

Skinner and Present 
Searcyl study 

96.7 96.1 

122.1 128.8 

-71.3 -63.4 

42.0 41.8 

38.4 42.8 

-45.6 -40.8 

CeF3 Data 

Lim and 
Searcy5 

92.7 

41.5 

* Calculated on the assumption that dimer intensities are valid measures of pressure over the 
same temperature ranee as monomer intensities, but see Discussion Section. 

\- ..( 
'f -! 

Present 
Study 

95.8 

131.5 

-60.1 

43.7 

46.8 

-40.6 
I 
I\) 
.f:"" 
I 
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Tab1eV. Heats of vaporization for two runs calculated by 
successively removing the data points taken at the 
highest pressures. 

* 

# points 
removed 

o 
1 

2 

3 

4 

5 

6* 

CeF3(g) 

96.1±O.5 

95.8±o.4 

95.9±O.5 

95.7±O.5 

95.6±o.6 

95.6±o.7 

95.2±O.7 

Heat of Vaporization Kcal/mol 

Ce2Fdg) CeF3(g) 

134.5±1. 7 96.o±o.4 

135.0±2.0 96.o±o.4 

136.3±2.2 96.o±O.5 

135.8±2.7 96.l±O.5 

136.3±3.4 96.1±O.6 

138.9±4.8 96.8±O.5 

133.3±5.5 

Points were removed until only 5 dimer data points remained . 

... 

Ce2F6(g) 

132.2±1.9 

134.5±1.6 

135.6±1.9 

137.4±2.1 

139.3±2.7 

142.1±4.1 
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FIGURE CAPTION 

Fig. 1. Vaporization data for cerium trifluoride. Open symbols 

. indicate selected data (see text). 
;.' 
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PART 2 

THE VARIATION WITH TEMPERATURE OF THE CONGRUENT 

VAPORIZATION COMPOSITION OF GALLIUM SESQUISULFIDE 



, 
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I. INTRODUCTION 

Thermodynamic data gathered by dynamic vapor pressure techniques 

usually must be collected under conditions where the pressures measured 

are not functions of time but only of temperature . For two component 

systems, a group of materials that satisfies this requirement is two 

phase mixtures and single phases that vaporize to a gas of the same 

overall composition as the solid (vaporize congruently). Many studies 

of congruently vaporizing solids have been conducted. However, the fact 

that the composition for congruent vaporization may change with tempera

ture is generally ignored. In most instances the composition changes 

are small and their neglect probably has no influence, to within experi

mental accuracy, on the quanti ties being determined, such as the heat of 

vaporization and total vapor pressure. 

However reasonable this supposition may be, it seems desirable to 

obtain experimental data on the variation with temperature of the compo

sition of congruent vaporization for at least a few solids of relatively 

narrow composition limits and, if possible, to experimentally examine 

the effect of the composition variation on the partial pressure of each 

vapor species. Apparently no such information has yet been obtained. 

The mass spectrometer is an obvious choice for such a study since 

each vapor species can be individually monitored. The mass spectro

metric method has. been used previously to obtain pressure vs composition 

data by Sidorov et 8.1. 1 and by Miller and Searcy. 2 Both studies concen

trated on observing the gross changes of the composition of samples of 

various starting compositions as the composition changed over consider

able ranges to the congruent composition. Some attempt was made by 
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Miller and Searcy to observe the change in congruent composition brought 

about by a change in temperature but the results were scanty and incon

sistent. 

The ideal substance for such an investigation should satisfy at 

least three criteria: (1) In order to avoid the uncertainties in 

absolute pressure determination associated with the mass spectrometric 

technique, the total vapor pressure should be known; (2) The substance 

should vaporize congruently but should exhibit some measurable shi ft in 

the actual congruent composition with temperature; (3) The compound 

should dissociate on vaporization to a simple gas composition, preferably 

to only two different major vapor species. 

Whether a measurable shift in congruent composition will take place 

with changing temperature for any particular solid could not readily be 

predicted since only the fragmentary study on indium sesquisulfide 

(Iri2Ss ) by Miller and Searcy2 was available as a guide. That solid did 

not promise to be a satisfactory substance for study because the avail

able data suggested that two different phase transitions may occur in 

the temperature range suitable for mass spectrometer study. 

Cadmium sulfide (CdS) was tested as a possible substance for study 

but composition changes proved too small to measure. Gallium sesqui

sulfide (Ga2S 3) was tried next and proved suitable for the study. It is 

the gallium sesquisulfide results which are the subject of this paper. 

Previous work on the gallium sesquisulfide phase indicates that it 

exists in three crystalline modifications: an ordered high temperature 

structure, 0'.; a disordered high temperature structure, (3; and a low 

temperature modification, y.3 The transition temperatures are badly 

, 
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defined. The y to a transition is reported to b~ between 820 0 K and 

8700K.
4 

This transformation is of no importance here since all measure-

ments were made at much higher temperatures. 

The a to S disordering transformation temperature is reported by 

Rustamov et al. 5 to be a 1285± lOoK from differential thermal analysis 

work. Lieth et al. 
6 

reported no thermal arrest for stoichiometric solid 

gallium sesquisulfidebut do report a thermal effect for the less than 

60 a/o S material which they think is due to a phase change at 1100oK. 

The melting point of gallium sesquisulfide was reported to be about 

15200K in an early study by Klemm and von Vogel. 7 This is disputed in 

the more recent studies of Lieth et al. 6 and Rustamov· et al. 5 who report 

that stoichiometric. gallium sesquisulfide melts congruently at 1360 0 K 

and 13900K respectively. The stability range of solid gallium sesqui-

sulfide was reported to extend from 59 to 60 a/o S with no range of solu

bility on the sulfur rich side of the stoichiometric composition. 5 

. ' 8 
Spandau and Klanberg, using a transportation technique, report 

that above 12200 K gallium sesquisulfide loses sulfur and continues to 

lose sulfur as the temperature is increased further. Samples cooled 

from as high as 1570 0 K had 55 a/oS and showed a diffraction pattern 

which was attributed to a Ga4Ss phase that was assumed to have a variable 

composition. It is not stated whether or not these samples had melted, 

but the current work and all other pertinent past studies indicate that 

they must have melted. There is disagreement as to the existence of the 
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II . EXPERIMENTAL 

The experiments were carried out in a magnetically focused 60° 

sector 24 em radius Atlas mass spectrometer. Ions were created by 

electron impact (70 eV) and detected with a 16 stage copper-beryllium 

electron multiplier. Samples were contained in either alumina or 

graphite effusion cells which were held in an outer molybdenum cell. 

The orifice dimensions are given in Table I. 

The cells were heated by radiation and electron bombardment from a 

tungsten wire filament .. Temperatures were measured with a platinum

platinum 10% rhodium thermocouple clamped into a hole in the bottom of 

the molybdenum cell. The cell was lowered below the center of the hot 

zone to a position at which condensation on upper parts of the cell and 

the lid was eliminated. 

The temperature scale was calibrated by making a second law deter

mination of the heat of vaporization of silver and by observing the 

apparent melting point of silver. When the cell which contained the 

solid silver was heated to a temperature just above the melting point of 

silver, the temperature of the silver itself could not follow that of 

the cell Until the silver had mel ted. If the temperature of the cell 

were raised just slightly above the melting point, the measured ion 

intensity of silver would reach a constant value then, with no measur

able increase in temperature of the cell, the ion intensity of silver 

would rapidly increase to a new constant value when melting was com

pleted and the silver could equilibrate with the rest of the system. 

The time at temperature before observing this increase and the mag

nitude of the increase are indicative of the extent to which the cell 

• 
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temperature was above the transition temperature. By holding the cell 

at a temperature where this increase is small , it is possible to get an 

in situ check of the absolute accuracy of the temperature measuring 

system to wi thin ± 3°K at the melting point of silver (12340K). 9 

This one calibration point plus a second law heat determination 

give a better check of the temperature measurement accuracy and offer a 

better opportunity for correction than is possible with just a second 

law measurement. 

With the cell in the center of the hot zone, the measured tempera

ture agreed to within 2°K of the literature value for the melting point 

of silver. After the cell was positioned to eliminate condensation on 

the lid, the apparent melting point of silver was found, when measured 

from time to time during the course of the experiments, to be 1222, 1221, 

1225, 1222, and 1222°K. The average, 1222°K, is 12°K below the li tera

ture value. The apparent melting point is believed to be low because 

the bottom of the molybdenum cell into which the thermocouple was in~ 

serted was colder than the higher portion of the molybdenum cell which 

held the liner that contained the silver. 

The second law heat of vaporization of silver was measured over 

approximately the same temperature range that was used in the gallium 

sesquisulfide experiments. The few points measured above the melting 

point of silver were corrected to allow for the literature value of the 

heat of fusion (2.7 kcal/mole) before heats of SUblimation were calcu

lated from the slope of the log IT vs liT line. 

Heats of vaporization calculated for silver using the temperatures 

as measured are 65.2 ± 0.2 and 64.2 ± 0.5 kcal/molefor temperature 
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ranges of 1106-1343 and 1159-1339°K respectively. Adding a constant 

12°K to all the measured temperatures and recalculating the heats gives 

values of 66.6 ± 0.2 and 65.6 ± 0.5 kcal/mole for temperature ranges of 

1118-1355 and 1171-1351oK respectively. The literature value is 66.2 

kcal/mole at 1234°K. In light of this good agreement which resulted 

from the constant 12°K correction, all temperatures presented below and 

used in any calculations involving gallium sesquisulfide have been 

corrected by 12°K. 

High purity gallium sesquisulfide proved difficult to obtain. 

Samples supplied by Atomergic Chemetals Co. and K+K Laboratories, Inc., 

+ when heated in the mass spectrometer, showed Ga20 ion intensities fully 

+ + + 
1/3 of the Ga2S intensities. (Ga2S and S2 are the principal ions 

present in the mass spectrum over pure Ga2S3.) 
.... + 

The Ga20 did not arise 

from reaction with the alumina liner since it was also seen when a 

graphite liner was used. 

We tried to synthesize gallium sesquisulfide by heating the correct 

stoichiometric quantities of gallium and sulfur in an evacuated quartz 

tube. Samples heated for up to one week at 720oK, approximately the 

normal boiling point of sulfur,9 showed very little, if any, reaction 

product. This lack of reaction has been referred to by some other 

authors who successfully completed the synthesis by keeping the ends of 

10 11 
their quartz reaction tubes at different temperatures. ' 

We succeeded in synthesizing high purity gallium sesquisulfide by 

using the replacement reaction 3CdS(s) + 2Ga(1) = Ga2S3(s)+ 3Cd(g). 

This reaction proceeded well in vacuuinat 10000K and also in a sealed 

quartz tube where one end was kept cool to condense the cadmium vapor. 

~ 

, 
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After the reaction was completed at 1000oK, the more refractory· product 

gallium sesquisulfide was heated to a higher temperature to vaporize any 

excess cadmium sulfide. This process could be easily followed when the 

reaction was carried out in the mass spectrometer. 

Although this synthesis was successful, care was required not to 

introduce any oxygen. For example, the reaction when carried out with 

+ purified grade cadmium sulfide from one supplier, yielded a large Ga20 

ion peak. High purity 99.999% cadmium sulfide, supplied by Research 

Organic/Inorganic Chemical Corp., yielded gallium sesquisulfide samples 

that showed very little Ga20+ 

After this synthesis had been worked out, we obtained from Alpha 

+ + 
Inorganics gallium sesquisulfide which was as good or better (Ga20 /Ga28 

ion intensity ratio less than 0.01 and proper X-ray pattern) than the 

material we could produce. All work reported here was done with the 

Alpha Inorganics gallium sesquisulfide. A semi-quanti tati ve spectro

scopic analysis revealed only these impurities: 

Element % 

Al 0.002 
8i 0.015 
Mg <0.0005 
Fe <0.003 
Ca 0.0005 
Ag <0.0005 
Cu <0.0005 

To obtain reproducible starting compositions for our experiments, 

+ + 
all as received material was heated to constant 82/Ga28 flux ratios at 

'V1270oK in an alumina cell in the mass spectrometer. This initial heat-

ing showed the as received material to be sulfur rich as compared to the 

congruently vaporizing composition at· the temperatUres of our experiments . 

. , 
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Ao.6 gm sample which had been equilibrated at 12700 K and rapidly cooled 

was analyzed for sulfur by the Grote combustion method. 12 Two analyses 

gave 40.53 and 40.56 w/o S. If the original sample is assumed to have 

contained only sulfur and gallium, this converts to an average of 59.72 

a/o S. If the residue after combustion was assumed to be pure Ga203, 

the weight percent of gallium plus sulfur was calculated to be 100.88 

and 101.00 w/o for the two determinations. The cause of this discrepancy 

is unknown but since only the analysis for sulfur was specific and the 

spectroscopic analysis of the original materials showed no sUbstantial 

impurities, we assume the congruently vaporizing composition at 12700 K 

to be 59.72 a/o S and 40.28 a/o Ga. 

For converting intensity versus time measurements to pressure versus 

composition data, accurate measurements of sample weight changes were 

needed. Accordingly, considerable effort was expended to eliminate 

extraneous sources of weight change. The empty cells and lids were 

baked out in the mass spectrometer at temperatures above the maximum 

temperature to be used in a run to assure removal of any material remain

ing from a previous run. After baking, the cells were allowed to cool 

in vacuum, then the vacuum chamber was vented with dry nitrogen and the 

liner was removed from the molybdenum holder and weighed .. The sample, 

which had previously been equilibrated at 1270oK, was introduced and the 

liner and sample were weighed. 

The liner and lid were replaced in the molybdenum cell holder and 

the molybdenum lid was replaced. The molybdenum cell was never removed 

from its tungsten support rods so the thermocouple did not have to be 

disturbed. This precaution assured that the temperature calibration, as 

• 

, 
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evidenced by the silver results, remained constant from run to run. The 

single layer tantalum heat shield that surrounded the heating assembly 

was replaced and the flange holding the cell was reinstalled in the mass 

spectrometer. The mass spectrometer, after being slowly evacuated to 

assure that no sample would blowout of the cell, was baked overnight. 

After a run, the liner and remaining sample were weighed. Between 

the initial bake out of the empty cell and the final weighing after the 

run, the cell was handled only with tweezers. All weighing was done on 

a Mettler H20T balance. Weights were recorded to an accuracy of 

1 x 10-5 gm, and weight losses are probably accurate to at least 

-4 
± 1 x 10 gm. A check of the effect of the entire procedure on measured 

weight changes was made by weighing an empty alumina liner, heating it 

four hours at 1300oK, and weighing. Weights of 1.99912 gm before and 

1.99912 gm after heating in the mass spectrometer were obtained. 

To demonstrate that some species such as adsorbed water, which 

could evaporate at relatively low temperatures, did not .contribute sig-

nificantly to the weight .loss, a sample of about 0.4 gm, which is about 

four times the weight used in most runs, was placed in'an alumina cell. 

The entire experimental procedure, excluding any high temperature heat-

ing, but including a low temperature anneal of two hours at 950 0 K was 

followed. The measured weight of the liner and the sample was 2.43256 

gm before and 2.43257 gm after the run. Since the minimum weight loss 

recorded in any of the quantitative runs was greater than 0.01 gm and 

usually much greater, the weighing procedure and sample handling pro-

cedure were not significant sources of error. 
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The anneal at 950 0K was used in all experiments to drive volatile 

material from the hot zone. At 950 0 K the dissociation pressure of 

gallium sesquisulfide is too low (2 x 10-9 atm)13 to cause any weight 

change in the course of a few hours which could measurably effect the 

results. After the 9500 K anneal, the cell could be heated rapidly to 

the experimental range, 'V1270oK, without causing a serious rise in back

ground pressure. 

• 
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III. RESULTS AND DISCUSSION 

14 The ion species observed in this study and in' a study by Uy et al. 

are listed in Table II. + + , + + 
Uy et al. showed that Ga2, Ga , GaS, and S 

are mainly fragments from Ga2S and S2. + + 
That Ga2S and S2 are not pre-

dominantly fragments is further confirmed by the observation of this 

+ + study that the product of Ga2S ·S2 remains nearly constant when the 

+ + 
Ga2S /S2 ratio varies by as much as a factor of fifty. 

In mass scans up to mass 1000 at the highest temperature studied, 

13700 K, ion peaks not reported by Uy et al. were observed. At this high 

+ + temperature the Ga2S2 intensity rose to 1.6% of the Ga2S intensity. 

. + The analogous lon, In2S2, was observed under comparable conditions by 

Miller and Searcy15 in their study of the indium sesquisulfide system. 

Clusters of other ion peaks which were at least fifty times less 

intense than the Ga2Si peak were also seen at 1370o~. These peaks appear 

Because the background for use in calibrating the mass spectrometer at 

these high mass numbers is low, definite mass identification was not 

made. No other shutterable species were observed. Small concentrations 

of non-shutterable S+ (x<8) polymers, which probably arise from sulfur16 
x -

condensed near the ion source, were observed. 

+ In a mass spectrometer using a Knudsen cell source P. = U.I.T where l l l 

P. is the vapor pressure of species i within the cell, U. is an unknown 
l l 

constant dependent on the machine itself and on the partic.ular species 

+ observed, I. is the ion intensity of species i, and Tis the absolute 
l 

temperature. 'The stoichiometric vaporization reaction cOrisidered here 

is Ga2S3(S) = Ga2S(g) + S2(g) for which the equilibrium constant K is p 
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This expression can be rewritten in terms of the ion intensities as 

and from the slope of log (I+
G 

S-I+
S 

_T2) vs liT the heat of reaction can 
. . ~ 2 

be calculated by the second law method. 

+ + . 
Table III gives the Ga2S and S2 lon' intensi ty vs temperature data 

of the two runs used to calculate second law heats. The data taken with 

orifice 3 represent the steady state values obtained in run 7 of the 

composition vs temperature runs (see below). Since the data taken with 

orifice 1 were not continuously recorded as a function of time ,they 

could not be used for composition calculations. This, of course, did 

not remove the necessity of waiting until the composition stabilized 

before recording each data point. 

Table IV gives the heats calculated from the individual slopes of 

. + 
T) the log (I

Ga2s 
and 

+ log (I
S2

-T) vs liT data for each run, from the log 

++ 2 
(I - I - T ) 

Ga2S S2 
vs liT data for each run, and from the combined data. To 

calculate the combined value, the least squares fits of the log 

( + + 2) 680 I - I • T vs liT data for both runs were made to coincide at 11 K, 
Ga2S S2 

the overall mid point of the temperature range, by multiplying the 

+ + (1
82 

- I
Ga28

) data of each run by the constant values noted in Table III. 

A least squares slope for all the data points was then calculated. This 

procedure gives 157.3 ± 0.5 kcal/mole of Ga283 for the heat of vaporiza-

tion at 1168°K, the mid point of the temperature range, compared to the 

values of 161.7 determined by Kashkooli and Munir
13 

at 1237°K in a 

P' 

,. 

• 
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14 
torsion effusion study and the value of 153.2 determined by Uy et al. 

at 972°K ina mass spectrometric study. 

These heats were all calculated assuming that the stoichiometric 

reaction was operative, and that the congruent composition did not change 

with temperature. As will be shown below, this is not strictly true. 

The data from this study show what is believed to be.a phase change at 

1230 0 K which is accompanied by a small shift of about 0.3 a/oS in the 

composition for congruent vaporization. If this change caused a sig-

nificant change in the heat of vaporization, the plot of log 

( + + 2) I
Ga2S 

IS2°T vs liT would show a deviation from linearity. No notice-

able deviations are observed in the data from this and the previous 

1 dy 13 U 14 1 h . re evant stu. y et al. woud not ave observed thls phase change 

in their mass spectrometric study since all their measurements were made 

below ·1028°K. It is concluded that the error introduced by ignoring the 

small composition change when calculating the heat of vapori zation is 

within the eXperimental error of the available data and may be ignored. 

The composition changes, especially the one accompanying the phase 

change, do make it tedious to take data for a second law calculation 

with a mass spectrometer. One must wait not only until the temperature 

stabilizes but also until the composition stabilizes before taking a 

point. Since the total pressure is not drastically affected while these 

changes occur and the effect decays slowly as the congruent composition 

is approached, this phase change may be nearly unobservable with effu-

sion techniques where one cannot observe the ratios of the effusing 

species. 
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In the experiments to determine the congruent vaporization compo

sition as a function of temperature, the intensities of Ga2S+ and S~ 

ions were followed for each run as a function of time and temperature. 

As an example, the data from one run are plotted in Fig. 1. The tempera

ture was held as constant as possible until steady state vaporizing 

conditions were observed. The power to the heating filament was then 

abruptly changed and measurements were taken until steady state was 

again reached. This process could be repeated as often as desired dur

ing a run. Since only one species could be observed at a time, measure

ments were made alternately with one peak always being monitored. The 

time between successive measurements of the same peak ranged from about 

30 seconds, the minimum time required to make a measurement, to a maxi

mum of 15 minutes. The shorter intervals were used during rapid changes,. 

such as those immediately following a temperature change, and the longer 

intervalswer.e used as the changes became less rapid and nearly linear 

for the time intervals utilized. 

The same heating cycle was followed at the start of each run. As 

mentioned above, every sample at the start of a run was heated to about 

950 0 K and held for at least one hour. The sample was then heated rapidly 

to a constant temperature at 1270 ±7°K, and annealed at this tempera

ture until a steady state vaporization situation was reached in order to 

assure that the starting composition for each run would be the same. 

During this time the final alignment of the cell and adjustment of the 

ion source optics were made. The initial annealing temperatures were 

not exactly the same in each run. This does not introduce any serious 

errors since they were all wi thin ± 7°K of each other and, as is shown 

.. , 
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below, the composition for congruent sublimation is not a strong func-

tion of temperature over this particular short temperature range. 

The remainder of the temperatures visited during any run were not 

necessarily the same from run to run but were selected to examine various 

temperature ranges. On many runs the final data were taken at about the 

same temperature as the initial anneal to see if the measurements and 

subsequent calculations were self consistent and if the starting com-

position would be regained in the calculations. 

+ + 
The ratio IS2/IGa2S was, in most cases, a good check on whether 

steady state congruent conditions had been reestablished after a tempera-

ture change because composition changes were usually less than 0.4 a/o 

+ + 
and random variations in the steady state IS /IG S ratios with time 

2 a2 

were of the order of 5%. A small temperature change near the highest 

temperatures investigated, however, produced about a 3 a/o composition 

change so that steady state intensity ratios measurably depended on 

temperatures in that range. 

One of the main difficulties in mass spectrometry is the problem 

of converting the observed ion intensities to absolute pressures. This 

conversion is not needed for the calculation of second law heats des-

cribed above, but it is needed for the calculation of the total number 

of moles of each species effused from a cell which in turn is needed 

for the calculation of composition changes of the solid. The diffi-

culties can be separated into two main categories: Those associated 

with the mass spectrometer itself, and those arising from the nature of 

the mass spectrometric method. 
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The first category concerns the overall machine geometry and sensi-

tivity which may generally be assumed constant during any particular run 

for all species, but which may change from run to run. For a congruently 

vaporizing solid of known composition and total pressure, if the ions 

which arise solely from each principal vaporizing species can be 

identified, the constants for converting intensities to pressures for 

each ion can be readily calculated by assuming the composition and total 

pressure to be known at a single temperature. These constants can then 

be used to determine absolute pressures from ion intensities when the 

experimental conditions are changed so that congruent vaporization no 

longer occurs. The procedure is outlined below. 

The total pressure over congruently vaporizing gallium sesquisul

fide is known from the torsion effusion study of Kashkooli and Munir, 13 

and the composition has been determined for 12700K by chemical analysis. 

If the solid composition is written as Gal S (x = 0.5972 at l2700~the -x x 

congruent vaporization reaction is 

or 

where J
S2 

and J are the molecular fluxes of S2. and Ga2S respectively 
Ga2S 



From the Langmuir equation 

where J. = flux of 
2 

P. = partial 
2 

p. 
J. = __ ;;;;.2_ 

2 

species 

I2nM.RT 
2 

i 

vapor pressure 
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·A·w 

of species 

M. = molecular wt. of species i 
2 

R = gas constant 

T = temperature 

A = orifice area 

w = Clausing factor. 

Sub'sti tuting values for 

J. = 
2 

P. 
2 

where the units are: 

J. = mOles/sec 
2 

P. = atm 
2 

M. = gm/mole of molecule 
2 

T = OK 

A = cm2 

the constants 

i 

( 3a) 

i 

(3b) 

Equations (2) and (3) can be combined with the expression for the 

total pressure PT = P
S2 

+ P
Ga2S 

so that the partial pressure of each 

component can be written in terms of the total pressure 



where 

2 
I-x 

(4) 

· J M:::s ] 

The proportionality constant U. for converting the intensities to absolute 
1. . 

pressures in the equation P. 
1. 

+ = U.I.T can then be written as: 
1. 1. 

f 
where all the values are at temperature T and I. is the ion intensity 

1. 

actually measured during congruent vaporization. The values of U
S2 

and 

U
Ga2S 

determined in this way may then be used when conditions are changed 

from those for congruent vaporization. The constants, however, must be 

redetermined in each run to correct for machine variables such as elec-

tron multiplier gain that may change from run to run. These constants 

can be redetermined during the run whenever the sample is vaporizing 

congruently~ as long as the composition and total pressure are known. 

Once the constants have been determined~ the effusion rate of a species 

.. 
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is then readily calculated by means of the Langmuir equation written in 

terms of the ion intensities: 

J. = 
1. 

+ I.TU. 
1. 1. 

The moles of i effused in a time interval is merely the effusion 

rate multiplied by the time. In the present study, the measured inten-

sities were first converted to effusion rates for the two effusing 

species (S2 and Ga2S). The number of moles of each molecule effused dur-

ing any time interval was then calculated by integrating the effusion 

rate vs time curve assuming linear variations between the experimental 

points. The number of moles of sulfur and gallium calculated to have 

effused was subtracted from the initial moles of each in the solid and 

the solid composition recalculated. To determine the composition of 

congruent vaporization as a function of temperature , calculations of the 

composition were made at times when the sample had reached steady state. 

The composition of the solid at room temperature and just after 

reaching the reference temperature, 1270oK, are somewhat in doubt even 

though all samples had been pr~viously annealed to steady state at this 

temperature because some change in composition could occur during heat-

ing or cooling. To eliminate this uncertainty, the reference composition 

for each run is taken as the composition after steady state had been 

reached and maintained for some time (~1/2 to 1 hour) at 1270 0 K and just 

before the temperature was changed to its next value. The composition 

at that time was assumed to be the 59.72 a/oS from the chemical analysis. 
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Run 7, which will be discussed separately, is a unique exception to this 

procedure since it was carried out entirely at lower temperatures. The 

moles of material effused before this time calculated from the intensity, 

temperature, time data, which were recorded as soon as the intensities 

of shutterable ion peaks were measurable, were merely subtracted as to 

their calculated weight from the weight of the sample before the experi-

ment was started to give a corrected initial weight. This corrected 

ini tial weight of the sample was then assumed to have a composition of 

59.72 a/oS. 

As mentioned above, the U. correction factors can be calculated 
~ 

from Eq. (5) as long as the total pressure and the composition of the 

solid are known and the sample is vaporizing congruently. The D. deter
~ 

mined for steady state at l270 0 K can be used for the entire run. 

Another method is to redetermine D. every time the sample had re
~ 

turned to congruently vaporizing conditions. The problem here is that 

the composition for congruent vaporization is not known at other tempera-

tures. But the total pressure, as shown in the equilibrium runs in this 

and the previous, study, is not noticeably changed from normal straight 

line behavior in a log P vs liT plot by the small composition variations 

seen here. Thus, if the composition can be calculated, the D. can be 
l 

determined, and on the other hand, if the U. can be calculated, the 
l 

composition can be calculated. To get around this problem, an iterative 

method was used in which the mole fraction of sulfur, "x" in Eq. (5), 

was assumed equal to 0.5972 in order to calculate provisional values of 

D .• The composition of the solid was then calculated with the pro
l 

visional values of Di • The value of x was then replaced by this new 
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calculated solid composition and the calculation repeated. This pro-

cedure was repeated until the value of x used to calculate Ui and the 

solid composition calculated using these values of U. agreed to within 
l 

0.00001. 

The samples were weighed before and after a run to determine a 

measured weight loss. This measured weight loss was compared to the 

calculated weight loss from the effusion data (see Table V). In all 

cases, the measured weight loss was greater than the calculated weight 

loss. 

The discrepancy between the calculated and measured weight losses 

was not caused by leakage through the cell walls or between the lid and 

cell body. Leakage should have caused the ratio of the measured/ 

calculated weight losses to decrease with increased orifice area. But 

no dependance of the ratio on orifice area was observed when the orifice 

area was varied by a factor of twenty. Furthermore, the discrepancy in 

the two runs with the graphite cell was of the same order as that 

measured with the alumina cells. 

Undetected vapor species might have caused the discrepancy between 

measured and calculated weight losses. But,as mentioned above, a run 

made at 950 0 K showed no vaporizing species or measurable weight loss. 

If some new species had appeared at higher temperatures which for some 

reason escaped detection, a discrepancy would have resulted between the 

second law heats calculated from the mass spectrometric observations of 

+ + the S2 and Ga2S and the second law heat calculated from torsion effu-

sion measurements of the total pressure. No discrepancy between the 

heats was found. No gross impurity that could have affected the weight 
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loss was revealed in the spectroscopic analysis. 

The most likely source of the discrepancy is that there is an error 

either in the temperatures measured in the current study or in the 

pressures reported by Kashkooli and Munir. Fortunately, when the con-

cordant temperature dependence of the two studies is used in conjunction 

with the correction for the measured weight loss given below, the effu-

sion rates so determined are accurate no matter which of the two studies 

is in error. If the effusion rates are accurate, the composition changes 

calculated would be accurate, althougli., if the discrepancy arises from an 

error in temperature measurement in this study, the temperatures reported 

here for the composition changes could be up to 30 0 K too low. The con-

clusion that the magnitude of the composition change is correct is 

supported by a chemical analysis (see below). 

To correct for the discrepancy between measured and calculated weight 

losses in the composition calculations, all the effusion rates calculated 

from the intensity data for a given run were multiplied by a constant 

"w" where 

wstart. _ Wend 
measured measured W = ~~~~~--~~~~ 

Wstart Wend 
measured calculated 

wstart = starting weight 

Wend = weight at the end of the run 

and "measured and "calculated" have the meanings as given above. 

The compositions were then recalculated using the new effusion rates. 

When the calculations were performed using the Ui values calculated at 
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the start of the run for the entire run, this gave results in which the 

"measured" weight loss exactly equaled the new "calculated" weight loss. 

When the calculations were performed with different U. values for each 
l 

group of points calculated by the i terati ve method, the "calculated" and 

"measured" weight sometimes did not agree exactly. In this event, a new 

W was calculated and the entire calculation repeated until the desired 

agreement was reached. 

The effusion data adjusted by the constant W to make the "calculated" 

and "measured" weight losses agree should best minimize errors in cal-

culated pressure versus composition data. The total pressure vs tempera-

ture is the average of many measurements so that the requirement that 

the total pressure at congruency be equal to this average value should 

give the most consistent and accurate results. 

After the pressures and weight loss correction fact.ors had been 

determined, the composition arid pressures of the components at any time 

could be calculated by linearly interpolating between the measured points. 

In this way it was possible to map out pressure vs composition curves 

for each species. 

All of the variation in composition for congruent vaporization with 

temperature results are presented in Figs. 2 and 3. (Note the difference 

in composition scales between the two figures.) To avoid crowding on the 

figures, the first point in each run is not plotted, but the range of 

~n~tial ~ewperatures is represented by the error bar at the assumed 

starting composition, 59.72 a/oS. The exact starting temperature for 

each run is given in the legend of the plot. Run 7 is an exception and 

is discussed below. The numbers next to the points indicate the order 
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in which they were taken. 

The order is important because the errors associated with this 

experimental method are essentially cumulative. The difference in com

position between two successive points is much more accurately deter

mined than the difference between points taken at the start and end of 

a run. Any error in the composition early in a run is carried over to 

compositions calculated later in the run. 

Another factbr that influences the reliability of the data is the 

amount of sample remaining in the cell. In several runs the sample was 

almost completely exhausted by the end of the run. Small errors in 

effusion measurements produce increasingly large errors in calculated 

composition as the quantity of sample remaining becomes small . 

. The time needed for the congruent composition to be reestablished 

after a particular temperature change is a function of both the total 

sample weight and of the orifice area.· Since all these factors are 

important, a brief sunmiary of each run with special reference to any of 

the factors that would effect the reliability of any of the points is 

given. See Table V for the initial and final sample weights. 

Run I 

No anomalies. 

Run 2 

Essentially a repeat of Run I but with a larger orifice. 

Run 3 

Point 2 is probably in error because the sample was thought to have 

reached the composition of congruent vaporization when in actuality it 

had not. This error is carried over to points 3 and 4. 
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Runs 4 and 6 

+ In the two runs, 4 and 6, carried out in graphite cells C82 ion was 

observed. 'rhermodynamic calculations indicate that there should be no 

purely solid state reaction between the cell and sample and none was 

observed. But the equilibrium constant for the reaction C(s) + 82(g) = 

is greater than 1 for the temperature range examined. 17 Thus most C8 2 (g) 

of the S2(g) should react with the graphite cell. However, unfavorable 

kinetic factors apparently kept the carbon plus sulfur reaction from 

reaching equilibrium. + + The measured C82/82 ratio reached a maximum of 

only about 1/3 at the highest temperatures studied. 

+ The formation of C82 in the gas phase probably did not significantly 

alter the overall gallium sesquisulfide vaporization reaction but, by 

+ removing 82 from the vapor, just decreased the 82 ion intensities. If 

the fraction of the s1 ion intensity lost by the reaction was fairly 

constant at anyone temperature, much of the error introduced by the CS2 

formation should be corrected for in the method used to make the calcu-

lations. Since the vapor was assumed, at steady state, to reflect the 

solid composition, the weighting factors, US2 and UGa28 used to convert 

ion intensities to pressures, are automatically adjusted if the ion 

intensities are systematically disturbed. Thus, even if the measured 

intensities are incorrect, the calculated pressures and effusion rates 

can be correct. 

Despite the uncertainty introduced by CS2 formation, the results of 

the graphite runs are useful because equilibrium pressure vs composition 

data at constant temperature were desired. A smaller orifice could be 

fabricated in the graphite than in the alumina, and the runs with the 
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small orifice are needed for comparison with the runs with the larger 

alumina orifices to determine if equilibrium conditions were approached. 

Run 5 

No anomalies. 

Run 7 

This is the only run that was not started at l270 o K. The entire 

run was made below the l230 0 K transition with a starting temperature of 

l2l0oK. The starting composition was taken as 60.15 a/o S in the calcu-

lations. This composition was determined in a chemical analysis of a 

sample annealed at l2l0o K (Run 9). The chemical analysis was performed 

and evaluated in the same manner as the chemical analysis performed on 

the sample which had been annealed at l270o K.
12 

The first few points of the run may be slightly in error as a result 

of having been taken before congruency had actually been fully estab

lished. It of course takes much longer for a given composition change 

to occur at low temperatures due to the lower effusion rates. 

Run 8 

Most of the sample had evaporated by the end of the run. This may 

have contributed to the apparent error in point 7 which was carried over 

to point 8. 

Run 9 

This run was made primarily to prepare a sarrlplefor chemical 

analysis and was made with a very large sample which nearly filled the 

effusion cell. 
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Rilll 10 

Point 7, which appears discordant with the other data of Fig. 2, 

can be. illlderstood by reference to Fig. 3. Point 7 was probably taken 

above what will be interpreted in the discussion as a transition tempera-

ture while the composition was changing and does not reflect an equilib-

rium composition. The final sample weight was very small making the 

last points, shown on Fig. 3, illlcertain. 

Rilll 11 

No anomalies. 

Rilll 12 

No anomalies. 

Rilll 13 

Only one temperature above the temperature of the initial anneal 

was examined because with the relatively large orifice used, molecular 

flow conditions may have broken down. This effect. is largely corrected 

for in the iterative type calculations of the composition since the 

overall effusion rates are adjusted to agree with the total weight 

losses. This correction is not exact because a small effect of selective 

18 
scattering from the high pressure molecular beam may have occurred. 

Rilll 14 

Because of temperature control problems, the temperature, when 

first changed, went above the temperature at which point 2 was recorded. 

The sample may have started to go through the 1295°K transition before 

the temperature was lowered to the desired value. The resultant error 

probable for point 2 could cause the remaining points to be displaced 

in the same direction. 
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Run 15 

No anomalies. 

The congruent vaporization vs temperature data may be logically 

di vided into three temperature regions: T<1230°ic, 1230oK<T<1295°K, and 

T>1295°K. 'Ihese regions and the transitions between them are discussed 

separately. 

T<1230oK 

The congruent composition changes very little with temperature. 

It does drift perhaps 0.01 a/o towards a composition richer in sulfur 

as the temperature is lowered. As 12300 K is approached, the sample 

tends to lose more sulfur but the data are rather scattered. 

1230 0 K Transition 

The cbemical analyses of samples annealed at 1270 0 K and 12100 K 

giving 59.72 a/e Sand 60.15 a/o S respectively agree very well with the 

differences in composition calculated from our effusion data. Most of 

this composition change is due to an abrupt change at 1230 ± 5°K. This 

change of "-'0.34 a/o S is probably caused by a phase transformation. 

Three polymorphs of gallium sesquisulfide solid are reported in the 

literature (see above). X-ray diffraction patterns of samples quenched 

in the present study from 1270 0 K and 12100 K show the same a-Ga2S3 

structure. 19 But many solid state transitions, for example, the tran

sition between a and B quartz, cannot be prevented by quenching.
20 

Additional evidence of a phase transition was obtained from observa

tions of the Ga2S+ intensity of a sample held between 1295 and 1230 0 K 

when the heating power was turned off. The intensity immediately dropped 

as expected, but then rose to a maximum before decreasing to zero as the 
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sample continued to cool. This rather large effect is not due to sig-

nificant heating of the sample by a latent heat of transition since a 

+ 
siwilar maximum was not observed when the 8 2 intensity was monitored. 

+ 
The Ga28 maximum may be an indication that the sample's structure has 

changed on cooling increasing the gallium activity and the Ga2S+ inten-

si ty for a brief time until continued cooling eliminates all vapori zation. 

This is a single phase region in which the cOIJ1.pesition fer congruent 

vaporization moved toward the gallium rich side of the diagram by '\,0.09 

a/o S as the temperature is raised to 1295°K. Data taken in the region 

at the start of a run, before any of the transitions were traversed, or 

taken in runs that were confined solely to this temperature region give 

the best indi cation of the viay the composition varies with temperature. 

Points taken after one of the transitions has been traversed , although 

useful to demonstrate closure of the method, contain rather large errors 

relati ve to points taken at the start of a run. 

1295°K Transition 

This transition occurs when the composition for congruent vapori za-· 

tion reaches the solid-liquid phase boundary. The composition change is 

an. order of magnitude larger than tr..e changes observed at lower tempera-

twes and is accompanied by a correspondingly large :uncertainty in the 

calculated composition. The total vapor pressures are also much larger 

so any small error in measurement is reflected by a large error in com-

position. Due to the large composition changes and the high pressures, 

large amounts of material were effused while a composi tiion change 

occurred; This large weight loss left a smaller solid sample behind, 
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further increasing the uncertainty of the measurements. Several points, 

as is mentioned above in the detailed examination of each run, were 

taken with such a small amount of sample that their accuracy is extremely 

low. 

The identification of the transition as a solid-liquid phase change 

is based on the observation that all samples heated above 1295°K appeared 

to have melted and were firmly stuck to the bottom of the cells. Samples 

that were not heated above1295°K, while exhibiting evidence of sinter-

ing, maintained a granular character and were easily removed from the 

cells. 

T>1295°K 

The agreement between compositions recorded when temperatures were 

raised and when temperatures were lowered show that the samples reached 

congruently vaporizing conditions. The observation that in this range 

the samples had melted is in agreement with past determinations of the 

phase diagram at these temperatures and compositions. 

Samples that had come to steady state vaporizing conditions above 

1295°K, and were presumably there molten with a composition of "'57 a/o S, 

have room temperature X-ray diffraction patterns showing a mixture of 

. 21 19 
GaS(s) and Ga2S3 phases. These samples showed two maxima of the 

Ga2S+ intensity during rapid cooling while the s1 intensity again merely 

c.ecreased monotonically. 

Pressure vs composition curves were calculated for samples passing 

through the phase transitions at 1230° and 1295°K and for samples 

changing composition within the single phase region between 1230 0 K and 

1295°K. The curves represent the pressure-composition paths various 
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samples followed between two successive congruent vaporization compo

sitions shown in the congruent composition vs temperature plots of 

Figs. 2 and 3. The numbers of the points corresponding to Figs. 2 and 3 

between which the composition change occurred and also the run numbers 

are given in the pressure versus composition figure captions. 

On some figures, points are plotted on the curves while on others 

only the curve is drawn. This difference has no significance. The 

pressure vs composition data are derived data so the points just repre

sent interpolated values, not directly measured quanti ties. The points 

were only included when it was thought that they would make the drawing 

easier to read. 

The asterisks on the figures represent the final values after 

steady state was reestablished. The gap between the asterisk and the 

solid line plotted on the diagram represent a long time when the compo

sition had essentially stabilized but data were still collected to en

sure that steady state had been reached. During this long time, fluc

tuations in temperature and other machine variations sometimes caused 

what would appear to be fluctuations in pressure at constant composition. 

Consequently, plotting was suspended during this time. 

The time elapsed from the time at which the temperature was abruptly 

changed to initiate the shift in congruent compositfon is noted by the 

arrows at the bottom of the figures. On those figures which record the 

effect of a temperature increase, the time increases from right to left. 

This reversal of time scale is used so that compositions of increased 

sulfur content appear at the right of pressure versus composition plots 

for heating as well as for cooling. 
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The temperatures recorded are shown near the bottom of the figures. 

Pressure vs composition at constant temperature curves were desired but 

experimentally they were sometimes difficult to obtain. Since the method 

inherently depends on observing the variation in composition between the 

congruent vaporization composition at two different temperatures, an 

ini tial temperature change, which cannot be accomplished instantaneously, 

is required. Relative to this point it should be remembered that the 

temperatures reported are the thermocouple readings and the sample may 

require a longer time to reach the reported temperature after an abrupt 

temperature change than does the thermocouple. 

It was sometimes difficult to maintain constant temperature over 

long periods of time. The temperature sometimes drifted slowly, causing 

what appears to be, if this temperature drift is not taken into account, 

pressure vs composition curves which would not reflect equilibrium con

ditions. Occasionally, due to machine difficulties, the temperature 

took unintended abrupt excursion. These excursions caused many of the 

apparent irregularities recorded in the pressures. 

The attainment of equilibrium is always a problem when dynamic 

methods are employed to gather thermodynamic data and is especially 

severe in a study such as this where the composition of the solid is 

changing and solid state diffusion may limit equilibration. 

The equilibrium problem can usually be resolved by varying the 

orifice area and comparing the results. This was done in the present 

study but since there were so many variables that affected the form of 

the pressure vs composition curves, it was difficult to experimentally 

obtain directly comparable data with different orifices. Consequently, 
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it was not possible to definitely prove in each case if equilibrium 

conditions were achieved. The problem is discussed for the various 

curves in the detailed consideration of the data presented below. 

Figures 4 through 9 show pressure vs composition·curves for several 

samples as the 12300K transition is traversed. All the data were taken 

after a temperature drop except the data in Fig. 9 which were taken 

after a temperature increase. Figures 8 and 9 show data taken during 

the same run. Note that in Fig. 9 the time increases to the left. 

Figures 4, 5, and 6 represent runs where the temperature was changed 

to approximately the same value, 1205°K. They also represent approximately 

the same'sample weights and thus they provide an opportunity to see, by 

comparing the behavior with different orifice areas, if the curves 

represent equilibrium pressure vs composition data. 

The curves have the same overall shape but there is some difference 

between the two smaller orifices, Figs. 4 and 6, and the largest orifice, 

Fig. 5. With the largest orifice, the maximum ratio of Ga2S .to S2 

recorded was about 9 (Fig. 5). For the next smallest and smallest 

orifices, which differ in effective areas by about a factor of three, 

these ratios were 16 and 15 respectively. Because these pressures do 

not depend on the effective orifice areas, they are shown to be essen-

. ·l·b . 1 22 tlally eqUl 1 rlum va ues. Table IV gives the pressure ratios and 

products at other composition. 

All the data show, after the initial temperature change has been 

made, the same behavior with the S2 pressures decreasing and the Ga2S 

pressure~ increasing. Over a large fraction of the composition range 

traversed pressures remain fairly constant, probably because two 
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condensed phases are at equilibrium. The pressures then change rather 

abruptly to those of the congruent composition,probably because the 

stable composition range of a single phase has been reached. 

Figures 7 and 8 show similar data for additional runs. The data 

in Fig. 7 were taken with a large orifice and, in comparison to the other 

runs, with a very large sample weight. Figure 8 shows data for a sample 

of approximately the same size and orifice area as Fig. 4; however, the 

temperature at which steady state was reestablished was about 20 0 K 

higher than in Figs. 4, 5, and 6. The change in temperature may account 

for the lack of the abrupt change in pressures near the steady state 

value which is seen in Figs. 4, 5, and 6. In Fig. 8 the congruent com

position after the transition may be very close to the phase boundary so 

not much of the single phase region is traversed before the composition 

stops changing. 

Figure 9, taken during the same run as Fig. 8, shows the composition 

changes that result from a temperature increase. The curves, after the 

initial jump, show steady linear pressure changes with composition. This 

is characteristic of pressure changes that occur as a single phase region 

is traversed. 

A schematic phase diagram that can explain this behavior is given 

in Fig. lOa. Points 1 and 3 represent the composition for congruent 

vaporization at temperatures T2 and Tl respectively. The temperature

composition path followed by the sample is indicated by the arrows. If 

the sample is initially congruently vaporizing in the single phase 

region A2 at the temperature and composition of point 1, and the tempera

ture is rapidly reduced to T}, the sample moves to point 2 in the two-
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phase region, Al + A'2.. Since this is not the composition for congruent 

vaporization at Tl the composition shifts until the congruent vaporiza

tion composition for Tl is reached at point 3. During the composition 

change from point 2 to point 3, the sample crosses a two-phase region, 

Al + A2, then enters a single phase region, AI. 

The reverse of this heating cycle is observed if the sample is 

vaporizing congruently at point 3 and the temperature is suddenly in

creased to T2 • The sample follows the path from point 3 to 4 passing 

through the two-phase region into the single phase region, A2. Since 

this is not the composition for congruent vaporization at temperature T2, 

the composition shifts to the appropriate congruent composition at point 

1. The change from point 4 to 1 is accomplished entirely within the 

single phase region, A2. 

Figures lOb and lOc represent partial pressure vs composition curves 

for S2 and Ga2S corresponding to the phase diagram in lOa. The solid 

lines indicate pressure vs composition at T2 while the dashed lines are 

for TI. The numbers correspond to those of Fig. lOa and the arrows 

correspond to the path outlined by the arrows of lOa~ In reading Figs. 

lOb and lOc one must keep in mind that, for example, as the temperatUre 

is changed from T2 to TI, the pressure shifts, with no change in compo

sition, from the solid to the dashed curve. 

In examining Fig. lOb one can see how the increase in the Ga2S 

partial pressure when the temperature was lowered can be explained. 

When the temperature is lowered from T2 to Tl the pressure jumps from 

point 1 to point 2. Then as the composition changes in the two-phase 

region, the pressure remains constant until the phase boundary is 
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reached and the pressure starts to decrease until the congruent compo

sition is reached at point 3. When the opposite heating cycle is 

followed and the temperature is increased from Tl to '1'2, the pressure 

jumps to point 4. Then, as the single phase region is traversed, the 

pressure steadily increases until the congruent composition is reached 

at point 1. 

One can follow the same path in Fig. lOc for the S2 partial pressure 

which experimentally showed a more expected behavior. During the initial 

temperature decrease, the pressure decreases from point 1 to 2. As the 

two-phase region is traversed, the pressure remains constant until the 

phase boundary is reached and the pressure increases until the congruent 

composition is reached at point 3. During the reverse heating cycle 

when the temperature is suddenly increased from Tl to Tz , the pressure 

jumps from point 3 to 4 then, as the single phase region is traversed, 

the S2 pressure decreases until the congruent vaporization composition 

is reached at point 1. 

Figures 11 through 16 show pressure vs composition data for samples 

uridergoing the 1295°K transition. The composition change here is almost 

an order of magnitude greater than that of the 1230 0 K transition. 

Figures 15 and 16 show data taken after a temperature decrease while the 

rest of the figures, 11-14, show data taken after a temperature increase. 

Similar ~guments to those used to explain the data taken during 

the 12300 K transition can be used to explain the 129SoK transition data. 

For the 1295°K transition, the situation may be opposite to the 1230 0 K 

transition. 1be data for the 1295°K transition taken after a tempera

ture decrease, Figs. 15 and 16, indicate that the coIilposi tion changed 
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completely within a single phase region. The thermodynamically impossible 

situation shown in Fig. 16 where the Ga2S and S2 pressures both decrease 

as steady state is approached probably resulted because the quantity of 

sample was too small to maintain equilibrium. The sample weight after 

steady state had been reached was only 0.00530 gm. 

The data taken after a temperature increase are irregular due to 

temperature fluctuations and thus are more difficult ,to interpret. But 

they may show that initially a two-phase region is crossed followed by a 

continuing composition change in a single phase region. 

Figures 17, 18, and 19 are pressure vs composition plots for the 

single phase region between l295°K and l230oK. The composition changes 

measured here are much smaller than those that occur during the phase 

transitions. These very small composition changes are difficult to study 

because much of the changes can occur before the temperature stabilizes. 

To slow the composition change somewhat, samples of about four times 

the weight used in most of the other runs were used. Even with larger 

samples, no reliable data could be collected for composition changes 

ini tiated by a rise in temperature. Composition changes occur faster 

at higher temperatures since the total effusion rate is faster. 

These curves show that, after the initial drop in temperature was 

completed, the partial pressures were approximately linear functions of 

composition as the new congruent composition was approached. 

In Fig. 17, the S2 pressure continued to decrease along with the 

GazS pressure. This anomaly appears to be a result of the downward 

drift in temperature which continued even after the initial temperature 

drop. During 'these runs, temperature control proved to be a problem as 
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is evidenced by the many temperature excursions shown in the figures. 

However, the changes are those expected for a sample changing compo

sition in. a single phase region. 



-67-

IV. CONCLUSION 

The increase of the Ga2S partial pressure as the temperature de-

creased has been explained by reference to Fig. 10. Perhaps a simpler 

vay to viev the same situation can be found with reference to Fig. 20. 

Figure 20 shows schematic curves of the free energy of the condensed 

phase, relative to its formation from Ga2S( g) and S2 (g), vs composition 

at two temperatures. T2 can be viewed as a temperature above the l230 0 rc 

transition while Tl is some temperature below the transition. The solid 

and dashed curves represent two different solid solutions. The con-

gruent vaporization compositions at temperaturesT2 and Tl are X
T2 

and 

~l respectively. 

At T2 (Fig. 20a) the partial molal free energy of each component 

can be found from the intercepts of the tangent. After a temperature 

change from T2 toT 1 the composition changes from X
T2 

to XT 1 along the 

free energy-composition path given by 1-2-3-4 in Fig. 20b. For the 

composition range where the free energy is represented by the common 

tangent to the two curves, the partial molal free energy and in turn the 

partial pressure of Ga2S may be greater than it was under the conditions 

of Fig •. 20a. 

Thus, although the increase in Ga2S pressure is at first intui ti vely 

disturbing, when viewed as above, it is seen to be perfectly compatible 

with the laws of thermodynamics. 

To see how the free energy of formation of the solid varied with 

composition in the region of the 1230 0 K transition values of ~Go for the 
r 

reation 
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were calculated from the relation 

at various compositions (see Fig. 21) from the partial pressure vs com-

position data of Figs. 4, 6, 7, 8, and 9. The data from Fig. 5 (Run 2) 

were not used since the temperature showed a relatively large drift 

during that run and these free energy vs composition plots are very 

sensitive to temperature changes. 

It should be remembered that the curve in Fig. 21 labeled Run 5 

(heating) was calculated from the data in Fig. 9 which were take'n after 

a temperature increase and represent a different phase than do the other 

curves in Fig. 21. Time increases to the left for the Run 5 (heating) 

curve. The data taken immediately after the initial temperature change, 

which show large variations, were not used to calculate the points in 

Fig. 21. 

The curves in Fig. 21 for Runs 1, 4, 5 (cooling), and 9, represent 

two-phase regions on the gallium rich composition sides and single phase 

regions on the sulfur rich composition sides. The entire Run 5 (heating) 

curve represents a single phase region. 

Plots of the free energy of formation vs composition at constant 

temperature should be linear in two-phase regions and show negative 

t . . 1 h . 23 curva ure In slng e p ase reglons. The slight curvatures shown in 

.. 

, 
I .. 
I 
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Fig. 21 are in the wrong direction except for the curve obtained during 

cooling in Run 5. Despite this experimental flaw, the curves are useful 

in that they show the integral free energy is very nearly independent of 

composition. This result may not be surprising considering the limited 

composition range, but it is significant when one considers the large 

changes in the partial quantities, as shown by the partial pressure vs 

composition plots, which occur as this composition range is traversed. 

The relatively small change in integral free energy with composition 

also supports the contention that the composition shift and even the 

phase change may be ignored when calculating integral quanti ties such as 

the total heat of vaporization. 
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Table I. Orifice Dimensions 

Diameter Thickness Clausing Relative Effective 
Orifice Material ( cm) Factor Area * cm 

1 Al20
3 

0.0406 0.0424 0.5044 0.16 

2 A120
3 

0.0507 0.0546 0.4978 0.25 

3 A120
3 

0.1007 0.1041 0.5066 0.99 

4 Al20
3 

0.1010 0.1029 0.5101 1.00 

G Graphite 0.0316 0.1067 0.2515 0.05 

* Area x Clausing factor relative to orifice 4. 
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Table II. Fragmentation Pattern 

Relative Intensity 

Present study Uy et a1. 
14 

l270 0 K 1020 0 K 
(70 eV ionizing (40 eV ionizing 

.. electrons) electrons) 

100.0 100.0 

99.0 93.0 

5.5 21.0 

4.5 10.0 

12.0 15.0 

1.2 12.0 

1.6a 

LOb 

Neutral 14 
Precursor 

82 

Ga2S 

82 

Ga28 

Ga28 

Ga28 

Ga282 ? 

Ga20 

(Impurity) 

Relative intensity increases with temperature. The value given here is 
the relative value at 1370 oK. 

b This is the maximum value found in the as received sample. The intensity 
decreased with the fraction of the sample vaporized. 

.' 
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Table III. Data used to calculate fill for the 
reaction Ga2S

3
(s) = Ga2S(~) + S2(g) 

Intensityb 

Temperature a + + 
oK S2 Ga2S 

Orifice 1 Weighting factor c 

2.8769 x 10-17 
1281 11.5 6.2 
1259 7.25 3.83 
1244 4.82 2.49 
1219 2.58 1. 365 
1197 1.446 .77 
1173 .786 .422 
1138 .29 .159 
1114 .1311 .074 
1128 .1995 .111 
1158 .485 .2595 
1208 1.92 .99 
1252 5.88 3.05 
1286 13.5 6.97 

Orifice 3 Weighting factor c 

1.099 x 10-18 

1192 6.63 3.37 
1175 4.15 2.09 
1156 2.54 1. 32 
1135 1.305 .665 
1115 .72 .37 
1094 .375 .1935 
1074 .18 .0975 
1050 .077 .042 
1100 .46 .234 
1144 1.7 .865 
1177 4.4 2.22 
1207 10.35 5.25 

a These temperatures have been corrected by adding 12°K to the measured 
values. 

b These intensities have not been corrected for isotopic abundance and 
are the measured intensities of the isotopes of S2 and G~S at mass 
numbers 64 and 172 respectively. 

c The [1;2 IG~~ T2~ data were multiplied by this factor to form the 

"combined" .data. 



Table IV. Enthalpies calculated from the data of Table III 

Temperature Temperature 
till: calculated from the slope of log [ ] vs liT 

Orifice range OK midpoint OK Kca1 

[I; T] 
+ + + 2 [I
Ga28 

T] [I82IGa28 T ] 
2 

1 1286-1114 1200 78.5 ± 0.4 77.4 ± 0.4 155.9 ± 0.8 

3 1207-1050 1128 80.0 ± 0.5 78.9 ± 0.4 158.9 ± 0.9 

Combined 1286-1050 1168 157.3 ± 0.5 I 
data -.l 

0\ 
I 

" .. 
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Table V . 
a ' 

Measured and calculated sample weights 

Temp. range oK Measured weight gm 

Run Orifice Maximum Minimum Initial Final 

1 1 1282 1205 0.10312 0.07741 

2 4 1265 1198 0.10981 0.03973 

3 2 1282 1201 0.09744 0.06356 

4 G 1267 1200 o .10n8 0.09060 

5 1 1269 1145 0.11663 0.07438 

6 G 1331 1272 0.08971 0.02977 

7 3 1210 1050 0.10;1.30 0.06768 

8 3 1270 1212 0.12102 0.01012 

9 4 1268 1210 0.76246 0.61784 

10 1 1319 1251 0.13168 0.00530 

11 1 1370 1275 0.31744 0.08133 

12 1 1283 1238 0.39591 0.33702 

13 3 1319 1266 0.22526 0.07251 

14 1 1287 1238. 0.36199 0.29581 

15 1 1284 1236 0.44345 0.40497 

a See text for explanation of "measured" and "calculated". 

b W = measUred weight loss 
calculated weight loss 

W
b 

2.27 

1.84 

2.54 

2.88 

2.34 

2.85 

1.92 

1.67 

2.55 

1.88 

2.02 

2.61 

1.87 

2.73 

2.42 



Table VI. Pressure ratios
a 

end productsb from the data in figures 4, 5, and 6 

Composition 
a/o S 

59.80 

59.85 

59.90 

59.95 

60.00 

60.05 

60.10 

Temp. 
oK 

1205.0 

1205.0 

1205.0 

1205.5 

1205;5 

1204.0 

1204.0 

Run l c 

Figure 4 

Ratioa 

14.6 

16.2 

15.1 

13.9 

12.0 

9.0 

~ ~1 

Product 
xl0 10 

(atm2 
) 

0.9 8 , 

0.93 

0.95 

0.94 

0.94 

0.81 

0.19 

Run 2d 
Figure 5 

b Temp. Ratio Product 
oK xl0 10 

(atm2 
) 

1204.0 6.8 1.20 

1203.5 8.4 0.91 

1202.5 9.2 0.88 

1202.0 1.9 0.81 

1201.0 5.3 0.11 

1199.0 2.1 0.65. 

1199.0 1.9 0.59 

Final 
composition 

60.144 a/o S 60.141 a/o S 
1205.0 

a Ratio = PGa2s/Ps2 

b 
Product = PGa2s,Ps2 

1.6 0.18 1198.0 

c Alumina orifice, effective area = 0.653 x 10-3 cm2 . 

d Alumina orifice, effective area = 4.081 x 10-3 cm2 . 

e Graphite orifice, effective area = 0.191 x 10-3 cm
2

. 

" ., 

1.6 0.53 

Run 4e 

Figure 6 

Temp. Ratio 
oK 

1203.0 14.1 

1203.5 13.2 

1203.5 12.9 

1203.0 12.6 

1203.0 12.1 

1203.0 10.1 

1201.0 4.2 

60.119 a/o S 
1200.0 1.6 

Product 
xl0 10 

(atm2 
) 

0.11 

0.10 

0.14 I 
-..;J 

0.13 (J:) 
I 

0.10 

0.61 

0.60 

0.59 

.' 
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FIGURE CAPTIONS 

Fig. 1. Ion intensity (Ga2S+ and S~) vs time for Run 4 orifice G . 

The intensities are corrected only for isotopic abundance. 

Fig. 2. Congruent vaporization composition vs temperature below 1295°K. 

Fig. 3. Congruent vaporization composition vs temperature for samples 

passing through the 1295°K transition. Run 10 is included for 

ease in comparing the composition scales of Figs. 2 &~d 3. 

Fig. 4. Partial pressure vs composition from Run 1 (orifice 1). The 

congruent composition change follows a temperature decrease and 

is from point 2 to 3 of Fig. 2. 

Fig. 5. Partial pressure vs composition from Run 2 (orifice 4). The 

congruent composition change follows a temperature decrease 

and is from point 2 to 3 of Fig. 2. 

Fig. 6. Partial pressure vs composition from Run 4 (orifice G). The 

congruent composition change follows a temperature decrease and 

is from point. 2 to 3 of Fig. 2. 

Fig. 7. Partial pressure vs composition from Run 9 (orifice 4). The 

congruent composition change follows a temperature decrease and 

is from point 1 to 2 of Fig. 2. As is seen from Table V, a 

large sample was used (0.76 gm). 

Fig. 8. Partial pressure vs composition from Run 5 (orifice 1). The 

congruent composition change follows a temperature decrease and 

is from point 3 to 4 of Fig. 2. 



Fig. 9. 

Fig. 10. 
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Partial pressure vs composition from Run 5 (orifice 1). The 

congruent composition change follows a temperature increase 

and is from point 9 to 10 of Fig. 2. 

( a) Schematic phase diagram. 

(b) Partial pressure of Ga2S vscomposition corresponding to 

the phase diagram in lOa. 

( c) Partial pressure of S2 vs composition corresponding to the 

phase diagram in lOa. 

Fig. 11. Partial pressure vs composition from Run 6 (orifice G). The 

congruent composition change follows a temperature increase 

and is from point 2 to 3 of Fig. 3. 

Fig. 12. Partial pressure vs composition from Run 10 (orifice 1). The 

congruent composition change follows a temperature increase 

and is from point 7 to 8 of Fig. 3. 

Fig. 13. ParQal pressure vs composition from Run 11 (orifice 1). The 

congruent composition change follows a temperature increase 

and is from point 2 to 3 of Fig. 3. 

Fig. 14. Partial pressure vs composition from Run 13 (orifice 3). The 

congruent composition change follows a temperature increase 

and is from point 1 to 2 of Fig. 3. 

Fig. 15. Partial pressure vs composition from Run 6 (orifice G). The 

congruent compos i ti on change follows a temperature decrease 

and is from point 4 to 5 of Fig. 3. 

Fig. 16. Partial pressure vs composition from Run 10 (orifice 1). The 

congruent composition change follows a temperature decrease 

and is from point 9 to 10 of Fig. 3. 

i 

• 
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Fig. 17. Partial pressure vs composition from Run 12 (orifice 1). The 

congruent composition ~hange follows a temperature decrease 

and is from point 2 to 3 of Fig. 2 . 

Fig. 18. Partial pressure vs composition from Run 14 (orifice 1). The 

congruent composition change follows a temperature decrease 

and is from point 2 to 3 of Fig. 2. 

Fig. 19. Partial pressure vs composition from Run 15 (orifice 1). The 

congruent composition change follows a temperature decrease 

and is from point 2 to 3 of Fig. 2. 

Fig. 20. Schematic free energy vs composition diagram for the formation 

of the condensed phase from Ga2S(g) and S2(g)' 

Fig. 21. Free energy of formation of gallium sesquisulfide from S2(g) 

and Ga2S(g) vs composition. Values for RUhs 1, 4,9, 5 

(decreasing), and 5 (increasing) were calculated from the 

data in Figs. 4, 6, 7, 8, and 9 respectively. 
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PRUGRAM EFU$(INPUT,OUTPUT) 
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APPENDIX A 

C PROGRAM TO CALCULATE PKESSURES AND SUllO COMPOSITIONS 
C FROM INTENSITY, TI~E, TEMPERATURE DATA 

LARGE .TM(3~r,20,2),TC(300,20,2),V(300,20,2),TS(300,20,2), 

*T K ( )00,20, ;: ) , VT K 13,J(', 20 t.2) , P DOD, 2(' ,2) , lM (31){),.2 0, l) , E M( lOO, 20,2) , 
*EG(300,20,2),lG(3U0,20,Zl 

LARGE TSWTK()OO,20) 
DIMENSION R(Z),GFW(2),WW(2C,Z),PEAK(Z),EMT(20,Z),EGT(20,2),JR(2) 
DIMENSION WURD( 1Z) 
DIMENSION WGT(Z0),GATT(ZO),GAT(2C,2',GATS(20,Z),APCSllJ,Z) 
DIMENSION I\PC(20,2) ,WTLOS(20) 
DIMENSION TKF(Z( ,2',TSF(20,2',VFl20,2),FVR(lJ) 
DIMENSION EGTT(20), EGTTT(20),EGTW(20,2),(MTW(20,Z) 
DIM~NSION NN(2~,2) , KN(2C), GLWTK(20), fS~T(ZUJ 

LARGE TEMT(300,20,Z),TIM~(300,20J,PRES(300,20,2J,lMATKI300,20,2), 
*TMATKI302,2C,2',RIMK(3GO,ZOJ,RGATK(300,20,Z',APATK(JJJ,20,2) 

DIMENSION EQIL(300,20) 
LARGE TEMPK (30~ ,2C ,2), OFU 3Cf. ,20, Z) ,OF (JJC', 2;) J 
DIMENSION GATTS(20) 
DIMENSION PMUNIR(20',XF(100),XlZO,lOOJ 
DIMENSION WWWW(lLt) 
REAL MOLWT ,MS2,MGA2S 
REAL MS,r~Gft. 
~AT~ PEAK(1)/5H 52 I,PEAK(2)!5H GAZSI 
MSZ = 64.128 
MGA2S = 111.504 
MS = 32.264 ' 
MGA = 69.12 
GASR ,. 1.98726 
R (1) = S<JRT (l·tGA2S! M52) 
q(2) = SQRT(M52!MGA2S) 
GFWlll= ~S2 
GFW(2) = MGA2S 

C RU~ IDENTIFICATION 
51 READ 16, (WORDlL),L=1,12J 
16 FORMAT( 12A6) 

PRINT 17,(WOPD(L),L=1,1l) 
17 FORMAT(lH1,12A6) 

C D=ORIFICE DIAMETER IN eM 
C C=CLAUSING fACTOR 

REA D 20 4 , 0, C. 
204 FORMATI2F10.7J 

( AO = ORIFICE AREA IN [M**2 
AO = (0/2.)**2*3.1416 
P R PH 305, U , AO, C 

305 FORMATl19HOORIFICE OlA. eM = ,F9.1,2lH ORIFICE AREA CM = ,EIJ.7, 
*21H CLAUSING FACTOR = ,flU.T) 
JBIl) =0 
JB(2) = 0 

C THE DATA ARE READ IN GROUPS INDEXED BY J 
C THE GROUPS INCLUDE DATA TAKEN BETWEEN SUCCESSIVE TEMPERATURE CHANGES 
C ALL THE N POINTS UF ONE SPECIES,L,(L=1 FUR S2,L=Z FOR GA2S) UF ONE 
C GROUP,J, ARE READ SUCCESSIVELY IN THE ORDER THEY WERE MEASURED 
C.ALL OF THE GROUPS OF UNE SPECIES NEED NUT BE READ CONSECUTIVELY 

. '50 READ 205, L, N 
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205 FO~MAT( 12,(8) 
IF PI .E(J. I) I GIJ TO 803 
JB(U -= JfHUt-1 
J -= JfH L) 
NN(J,L} = N 
JJ = J 

(' TM=TIME IN M I NUHF GkUM THE: START UF HIE EXPER I MENT 
C TC=TEMPERATURE IN DEG C AS READ FRUM THE THERMOCUUPLE 
C V=10N INTENSITY 

REflD 200,(TM(I,J,L), T(tl,J,U, V(I,J,L),1=l,NI 
20! FORMflT (ZF10.3,F13.5) 

GO TO 50 
ti03 CONTINUE 

C LVOUT WAS ALWAYS = 2 
C WT=SAMPlE WEIGHT MEASURED BY WEIGHING AT THE STAKf OF THE RUN 
C ,.TEND=S.~MPLE WEIGHT MEASUReD BY WEIGHING AT THE: EN:) OF THE RUN 

READ 750,LVOIJT,WT"HENO 
750 FORMAT(12,F8.5,flO.5) 

PR I NT )or, 
300 FORMAT( 96HOPEAK GP. PT. TIME(MIN) TIME(SEC) TEMPeC) 

* TEMPiK) INTENSITY INTENSITV*T(K») 
DO 8 a a . L = 1 , 2 
DO 8C1 J-=l,JJ 
N -= N~( J,L) 
DO 1 1-= 1, N 

C THIS CURRECTS THE INTENSITIES FOR ISOTOPIC AHlINDA''lCE 
If(L .EQ. 1) V(l,J,U = Vll,J,Ll/C.902614 
IF(L .E(~. n V(l,J,L) = V(I,J,l)/0.4698735 

( TS= TIME IN SECONDS' 
TS( I ,J,l) -= TM' I,J,U*6::. 

C CGNVERT ro KELV IN AND MAKE TEMPeRATURE CORRECTION 
TK(I,J,L ) = TC(I,J,l) + 273.15 

c 

T K ( 1 , J , 1I = TK ( 1 , J ,U + 11.85 
VTK(I,J,L) -= V(I,J,L1*TK(I,J,U 

1 CUNTI NUE 
TKFeJ,L) = TK(N,J,l) 
TSF(J,ll = TS(N,J,ll 
VF(J,L) = VeN,J,LI 
PR IN T 302, ( P tf,K (l), J, I, TM ( I , J , l ) , TS ( 1 , J , L ) , Te, I , J ,L) , TK( I , J, L ) t 

* V(I,J,L),VTK(I,J,L)' I=l,N) 
302FnR~AT(A5,IJ,I5,F12.3,f14.3,2f12.3,F14.5,EI9.7) 

PRINT bLL 
BCI CONTINUE 
8CO CONTINUE 

C START COMPnSITION ANU PRESSURf CAltULATICN 
PRPH 17,e\~ORf'(U,l=lr12) 

WWWW( 1) = 1. 
KK=l 

<;)2 cnNTINUE 
'+ FORt~J\T ( FfH.(' I 

C W=',H:'IGHT LOSS CORRECTION FACTOR 
W = ~.,WW(/I'.KI 

DO 808 J=l,JJ 
Ll = I) 

8C7 CONTINUE 

.", 
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Ll -= lL + 1 
C X="'10lE FR.~CTf(lN UF SULFUR IN THE SOLID 

X ( J, 11 -= (. 5972 
DO 806 L-=1,2 
N=NN(J,l) 

( PMUNIR=TOTAl PKESSURE OVER GAlS3 MEASURED BY TORSION EFFUSUIN BY MUNIR 
PMUNIR(J) =lC.**(9.926-17672./TK(N,J,L" 
BRAK = (J.*X(J,LL)-1.1/4.*2./lI.-X(J,LL»)*SQRT(MS2/HGA2S) 
XF(J) -= X(J,LU 
IF ( 1 .EQ. 2) GU TO d04 

C WW=WEIGHTING fACTU~ TP CONVERT INTENSITY*TEMP DATA TO PRESSURES,P 
WW{J,l' -= PMUNIR{J'/IVTK(N,J,L)*ll.+l./BRAK" 

C ~UT IN WWlJ,L)=WWll,L) TU KEEP WEIGHTING FACTORS CONSfANT 
GO TU l;l(}5 

d04 WW(J,L' = PMUNIR(JI/(VTK(N,J,l)*(l.+BRAK» 
a:)5 CONTINlJf 

f:MT(J,L' = C'. 
F.GTlJ,L) -=~. 
EM ( 1 , J , L 1= () • 
[G(l,J,LI -= ,'. 
TEMTll,J,U -= O. 
00 2 1 = l,N 
P ( I , J ,L' = VT K ( I , J , l I * WW I J , l) 

C CALCULATE EFFUSION RATE IN MOLES AND GKAMS/SECONU 
lM(I,J,ll = P(I ,J,L,*AO*C*44.3305722 I SQRT(GfWlL)*TK{I,J,l') 
ZG (J , J, U = ZM ( I, J, U * GfW' LI 
1 F (I • EO. 1 , GO Tal. 
EM ( I , J ,U = ( {IM { 1, J , U +Z tH 1-1, J ,U , I 2 • , * (T S I I , J, U - T S ( 1.-1, J , l) ) 

EG{I,J,L)= EM(I,J,L)* GFW(L' 
C CALCULATE THE TOTAL MOLES AND GRAMS OF EACH SPECIES EFFUSED IN GROUP J 

EMT(J,L) -= EHT(J,L) + EM(I,J,L) 
EGT{J,L'= fGT(J,l) + EG{I,J,Ll 
TEMTII,J,LI = EMf(J,U 

2. CONTINUE 
8':',6 CONTINUE 
611 FORMAT(130HO**************************************.*************** 

******************************************************************* 
**********) 

612 FORMAT UHU 
~MTW(J,1) = EMT{J,l)*W 
EMTW(J,2) = [MT{J,ZJ*W 
EGT~lJ,l' = fGT(J,l'*W 
EGTW(J,2) = (GT(J,Z)*W 
EGTT(J) = EGTW(J,l) +EGTW(J,2) 
[GITTlI) = EGTT{l) 
IF lJ .GT.I) EGTTT{~J = EGTTT(J-l' + EGTT(J) 

33 FVR(J' = VF{J,1)/Vf(J,2) 
C SUATRACT THE WEIGHT EFFUSED WHILE INITIALLY HEATING TO STEADY STATE 

GATTS(1) = (WT- (EMTW(I,1,*MS2 + EMTW(l,2'*MGAZS» I 
*(MS * X(I,l) + MGA * (1.-XC1,1»)) 

IF{J .GT. 1) GATTSlJ' = GAT'J-1,l) + GATlJ-l,Z) 
C CONVERT MOLECULAR LOSSES TO ATOMIC LOSSES 

GATS(1,1)-GATTSll)*X(1,1'+2.*EMTW(I,I)+EMTW(1,l) 
GATS(l,2'=GATTS{11*11.-X(1,1»)+2.*EMTWlI,2' 

27 DO 19 L=1,2 
IF(J .Gr. 1) GATS(J,U = GATlJ-I,U 
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APCS(J,ll = GATS(J,lJ/GATT$(J)*lOO. 
GAT(J,l) = GATS(J,l) -EMTW(J,lJ*2. -(2-lJ*EMT~(J,2) 

19 CONTINUE 
GATT(J) = GATlJ,l) + GATtJ,Z) 

C (AlCUlATESOlID CUMPUSITION 
APC(J,l) = GAT(J,11/GATT(J)*100. 
APC(J,2) = GAT(J,2)/GATT(JJ*100. 
X ( J , L L + 1) = AP ( (J, 1 ) /100. 
WGT(J) = GAT(J, 1)*32.064 + GAT(J,2)*69.71.0 
WTLOS(J) = WT - WGT{J) 
1 F (J • EQ. 1) GU TO 808 
TEST = ABS(X(J,LL) - X(J,LL+l») 

C ITERATE IF X USEU TU lI'.LCUlATE WW AT THE START IS NUT RECALCULATED 
IFtTEST .GE •• 0:)((".1 .AND. LL .LT. 4,)) GO TU clu7 

8C3 COtHINIJE 
PRINT 2021,W 

2021 FORMAT( 29HOWT. LOSS CURRECTIUN FACTOR =,F7.4' 
PRINT 6CO 

60'1 FORMAT( q31l~GP. TlMF(S) TEMP K PMUNIR ArM WW (52) WW (GALS) 
* MOL S2/GP MOL GA2S/GP GM/GP TOT GM) 

PRINT 601,(J,TSF(J,l),TKF(J,1),PMUNIR(J),WW(J,l),WW(J,2), 
*E~TW(J,1).EMTW(J,2J,EGTT(J),EGTTT(J),J=1,JJ) 

601 FORMAT( i3, P:J.l, Fa.I., EIZ.4, 3Ell.3, EIZ.], 2F8.5J 
PRINT 78 
PRINT 4,WT 

78 FOKMI\T( 97HCGP. TIME(S) TEMP K SL/GA2.S STARTS S STARTSGA lAST 
* X END ~ SEND $ GA SAMPLE GM GM LUST) 

PRINT 71,(J,TSF(J,2),TKF{J,Z',FVR(J),APCS(J,lJ,APCS(J,2).XF(J), 
*APC(J,I),APC(J,2',WGT(J),WTlUS{J),J=1,JJ) 

77 FORMATlI], F9.1, Fa.l, Fe.3, Fll.5, FIO.5,Fd.5, 2FIJ.5,2FIO.6) 
KK = KK+l 

C CALCULATE W[lGHT lOSS CIlRRECTION FACTOR 
WWWW(K~) = (wT-WTEND)/(WT-WGT(JJJ)*WWW~(KK-l) 
TEST2 = ABS(WTf:ND-WGT(JJ) . 
PRINT 611 

C ITERATE IF CALCULATED AND MEASURED WEIGHT LOSSES DO NOT AGREE 
IF(TEST2 .GT •• 00001 • .AND. KK .LT. 4) GO TO 92 
PRINT 17,(WORV(L),L=1,IL) 

C PRINT PRESSU.P.ES AND E:FF'JSION RATES CALCULATED FRUM INTENSITIES 
PRPH 301 

c 

301 FORMAT{l14H(PEAK GP. PT. TIME(M1Nl TIMElSEC) P~ES.(ATM.J 
• Z(MOLE/SEC) LCGM/SEC) MOL PT TO PT GM pr TO PTJ 

00 3'~~4 L=1,2 
DO 309 J=l,JJ 
N=NN(J,L) 
PRINT 303,IPEAK(L),J,I,TM{I,J,Ll,TS(I,J,L),P(I,J,L),lM([,J,L)~ 

*lG{I,J,L), E~HI,J,L) , EG([,J,L), I=I.N) 
303 FORMAT{A5,I3,I5,F12.J,F14.3, 5E15.5) 

PRINT 612 
309 CONTIN\JE 
3!_'4 CaNT I NUE 

C THE MEMAINING SECTION OF THE PROGRAM INTERPOLATES dETWEEN THE 
C MEASURED POIrHS TCl CALCULATE PRESSURES A"ID COMPOSITIONS <H SPECIF[C 
C TIME INTERVALS SO PRESSURE VS COMPOSITION CURVES CAN BE CCNSTRUCTEO 
C SEC=TIME INTERVAL BETWEEN INTERPOLATED POINTS 

.,} 
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C SEC WAS VARIED TO rIT THE NEEDS OF A PARTICULAR SET Of DATA 
SEC = DeC. 
KEND ::It 300 
00 2005 J=l,JJ 
on 2005 L=1,2 
N= NN I J ,Ll 
KEtJD = K·HJ-l) 
1=1 
TII'1E{l,J) = TS(l,J,L) 
K = 1 
GO f(] zoe 4 

leO) K = K+l 
TIMEIK,J) = TIMEIK-l,J} + SEC 

2 C C/~ I F I K • EQ. 2 .AN D. J • G T. 1) Tl M E ( K, J J= T 1/1 E ( K E NO-1 , J - L) + SEC 
IF(TIME(K,J) .cr. TS(N,J,L») GO TO 2002 

.2006 IF(TIMEIK,J).GE.TS( I.J,L).ANO.TIME(K,J).LT.TS(I+l,J,L)IGO TO 2001 
J = I +l 
GO TO 2C i )6 

2C02 TH"EIK,JI = TSIN,J,L) 
I :: N -1 

2001 OIVIS = TSI I+l,J,L) - TSlI,J,L) 
TEM~KIK,J,L)=TKII,J,L)*(TS(I+l,J,L)-TI~E(K,J»/OIVIS + 

*TKII+l,J,LI*(TIHE(K,J)-TS(I,J,L»)/OIVIS 
PRE S I K t J , L) = P ( I , J, L ) * ITS I I +l, J , U - T (ME I K, J) II 0 1 V I S + 

*PII+1,J,L)*ITIMEIK,J}-TSII,J,L) J/OIVIS 
DFLIK,J,L) :: -~ASR*TEMPKIK,J,L)* ALOG(~RESIK,J,L) I 
ZMATKIK,J,LI=lM((,J,L}*ITSII+L,J,L)-TIMEIK,J)I/DIVIS .. 

*lMII+1,J,LI*(TIMEIK,J)-TSI(,J,L»/OIV(S 
TMATKIK,J,L)=IIMII,J,L)+IMATK(K,J,L»)/Z.*(TIME(K,J)-TS(I,J,LI) + 

*TEMTll,J,Ll 
IFIT[ME(K,JI .NE. rS(N,J,L») GO TO 2003 
KENO = K 

2(!)5 KN(J) = K 
SWT = WT 
DO 502 J=l,JJ 
GATI1,2} = GATSI1,Z) 
GATI1,1) = GATSI1,1) 

503 KEND= KNIJ) 
DO 501 K=l,KEND 
fQILIK,J} = PRfSIK,J,l)*PRE~(K,J,Z' 
OfIK,JI :: -GASR*TEMPK(K,J,11 * ALCG(EQtL(K,J') 
RlMKIK,JI = lMATKIK.J,1)/ZMATK(K,J,Z' 
RGATKIK,J,1)=GAT(J,11-ITMATKIK,J,1)*Z.+TMATK(K,J,2})*~ 
RGATKIK,J,Z)::GATIJ,Z)-TMATKIK,J,Z)*2.*W 
TSWTKIK,J'=KGATK(K,J,1)*3Z.J64+RGATKIK,J,21*69.12J 
00 5)1 L=1,2 

501 APATKIK,J,L) = IRGATK(K,J,L)/IRGATK(K,J,l'+RGATKIK,J,Z»)*lGO. 
K = KENO 
GATtJ+l,1) RGAT~(K,J,l) 
GAT(J+l,2' = RGATK(K,J,21 
GLWTKIJ). = ITMATK(K,J,1,*MS2+TMATKlK,J,Z,*MGA2S'*W 
SWT = SWT - GLWTK(J) 
TSWTlJI = SWT 

SOZ CCNTlNUE 
PRINT 17,(WURUIL),L=1,12) 
PRINT S05 
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505 FUR,...,AT(1l9HOGP. TIME(SEe, P S2 (ATH' P GA2S (ATM) AT $ S 
* AT $ GA l S2(M/SEC) I GA2S(M/SECI lSl/IGA~S TUT WT GM) 

DO ~07 J=l,JJ • 
KNN = KN(J) 
PRINT 506, (J,TIME(K,J),PRES(K,J,1),PRE5(K,J,2),APATKtK,J,1), 

*hPATK(K,J,2),IMATK(K,J,1),IMATK(K,J,Z),RIMK(K,JI,TS~TK(K,J), 

*K=I,KNN) 
5C6 FORMAT'I3, Fll.l, ZE14.4, 2F13.6,ZE14.5, FI1.6, F12.6) 

PRINT 61Z 
507 CONTI NUE 

PRINT 11,(WURV(L),l=I,12} 
PRINT 2010 

2~IJ FORMAT(129H0GP TIME(S) TK 
* PSZ*PGII2S _ AT $ S AT $ GA 
*Z*PGAZS') 

DO 508 J= 1, JJ 
KNN=KN(J' 

S2 TK GA2S P 52 (ATM) P GA2S ATM 
-RT*LN(PS2) -RT*LN(PGA2S) -RT*LN(PS 

PRINT 2011, (J,TIME(K,J),TEMPK(K,J,l),TEMPK(K,J,Z),PRES(K,J,l), 
*PRES(K,J,2),EQll(K,J"APATK(K,J,1),APATK(K,J,2',DFL(K,J,ll, 
*OFl(K,J,Z),OF(K,J) ,K=l,KNN) 

2":11 fORMAT( 13, F9.1, 2F9.2, JElZ.4, 2F9.4, 3Fl3.4) 

508 
509 

2020 

PRINT 612 
CONTI NUE 
R!:AD 2020,N 
FORMAT< 110) 
I F ( N .l T. ,J) GO TO 51 

3 CO"lTI NUE 
STOP 
END 
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p-----------------LEGALNOTICE-------------------, 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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