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The lowering of the total energies of Li and Li2 due 
to core polarization is shown in Table I. Numerical 
integrations were carried out on IBM 704. The value 
obtained for Li with the analytic4 HF SCF 2sR agrees 

TABLE I. Core polarization energies in electron volts. 

Li atom 

(a) HF SCF 2SR 
(b) OAO (Eq. 1) 2sO 

Li2 molecule (R.=5.051 a.u.) 

(c) SCF MO [Eq. (2)] (2(1.) R 

(d) OMO [Eq. (3) 1 (2(1y)OMO 

Contribution to Lh binding energy 

(c) -2 (a) 
(d) -2 (b) 

ev 

0.1018 
0.1066 

0.2473 
0.2520 

0.0436 
0.0387 

with that of Callaway; he used3 an earlier numerical 
HF orbital. The total energy of Lh is lowered by 
approx 0.25 ev. This should be compared to the "or­
bital average polarization" energy which should be 
less6 than 0.019 ev as found by Ishiguro, et al.2 The 
latter is not a correlation energy and arises as the 
difference between a complete SCF and a fixed core 
outer electron SCF calculation.l,2 

Penetration effects are neglected in Vp • They were 
estimated previously! for Li to be less than 0.035 ev 
for the lsfJ2sa interaction and 0.001 ev for 1s"2s,,. The 
"exclusion effect"l of other electrons on the core­
polarization energy of one, as well as three or more 
electron Coulomb correlations which may be small are 
also left out. 

The contribution to the binding energy (1.03 ev) of 
~i2 is also shown. i.n Table 1. We note that the energy 
IS not very sensltlve to the crudeness of the orbitals 
used. Thus where SCF MO's are not available, e.g., 
for Na2, K2, etc., it would suffice to use OMO's. Note 
also that though core polarization contributes quite 
appreciably to the total energies of Li and Liz, the 
effects on the two almost cancel and yield a small 
contribution to the binding energy. Such a cancellation 
has often been assumed in semi empirical theories. 

We are most thankful to Professor K. S. Pitzer for 
encouraging this research. The work was done under 
the a~s~ices of the United States Atomic Energy 
CommIssIon. 

* Present address: Sterling Chemistry Laboratory Yale Uni-
versity, New Haven, Connecticut. ' 

t National Science Foundation Postdoctoral Fellow. 
10. Sinanoglu, J. Chern. Phys. 33, 1212 (1960); Proc. Roy. 

Soc. (to be published); Phys. Rev. (to be published); Bull. Am. 
Phys. Soc. 5, 433 (1960). 

2 E. Ishiguro, K. Kayama, M. Kotani, and Y. Mizuno, J. Phys. 
Soc. (Japan) 12, 1355 (1957). 

3 J. Callaway, Phys. Rev. 106, 868 (1957); Vp given in his 
Table I is in Rydbergs. 

• C. c. J. Roothaan, L. M. Sachs, and A. W. Weiss, Revs. 
Modern Phys. 32,186 (1960). 

r; B. J. Ransil, Revs. Modern Phys. 32, 245 (1960); Table I . 
• 6 T,~e v::lue 0.019 e.v is too high for "orbital average polariza­

tIOn III L12, because It results from a very crude approximation2 

to outer MO's in the field of fixed cores. 

Vaporization of Several Rare Earth Oxides* 
MORTON B. PANISH 

Research and Advanced Development Division, Avco Corporation 
Wilmington, Massachusetts ' 

(Received November 18, 1960) 

THE vaporization of two of the lightest rare earth 
oxides, La20a and Nd20 3 has been shown by several 

workers1•2 to proceed principally by means of the 
reaction 

( 1) 

The work of Chupka, Inghram, and Porter was a mass 
spectrometric study of the La-La20a system, and that 
of Walsh, Goldstein, and White was a simple effusion 
study of La20a and Nd20 a vaporizing from tungsten 
effusion cells. 

In this work, the vaporization of Pr20a, Nd20 a, 
Sm203, and Eu20a has been studied at temperatures 
ranging from 19500 K to 23500 K by analyzing the 
species effusing from a Knudsen effusion cell with a 
Bendix time-of-flight mass spectrometer. Experimental 
details of the heating and temperature measuring 
techniques will be described elsewhere.3 

The effusion cells were lined with either iridium or 
thoria. Studies in which iridium liners were used were 
principally to determine the relative amounts of the 
various species in equilibrium with the oxide with a 
minimum of chemical interference from the container. 
The ratio IM+jIMo+ of ion currents due to the metal 
and monoxide when 20-ev electrons were used are given 
in the last column in Table I. For each of the com­
pounds studied, a search for effusing species was made 
at several temperatures and electron bombardment 
energies. 

If the ion current ratios in Table I represent the 
ratios of the equilibrium species with the effusion cell 
it is obvious that among the oxides studied there is ~ 
change in the vaporization mode from that shown in 
Eq. ~1) to that shown in Eq. (2), with increasing 
atomIC number of the rare earth metal 

(2) 

Spurious results would be expected if the observed 
ions did not originate from simple ionization of neutral 
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species, but from dissociative ionization of a parent 
molecule or by ion molecule combination in the ion 
source. In all the cases presented here, ion molecule 
combination is highly improbable because of the low 
concentration of ions and molecules in the ion source. 
If the MO+ ions were due to dissociative ionization, 
ions of higher mass would be present in appreciable 
amounts. This is not the case. 

The M+ ions observed when vaporizing Sm20s and 
Eu20s could have derived from dissociative ionization. 
In order to determine which process led to the forma­
tion of these ions, Sm20s and Eu20s were vaporized 
from Th02 effusion cells containing a small amount of 
Si02• The vaporization thus occurred in an oxidizing 
atmosphere. Under these conditions, the MO+ ions, 

TABLE I. Equilibrium vaporization data at 2000°K. 

PM PMO PM02 
Oxide (atm) (atm) (atm) IM+/IMo+ 

Pr203 <lXI0-B IX 10-7 <5XI0-9 <0.1 

Nd20 3 <5XI0-9 5XlO-B <0.1 

Sm203 =3XI0-9 =3XlO-9 0.5-1.0 

Eu2O. 7XI0-s 9XI0-g 8.0±2 

rather than M+ ions, were the major species observed. 
It follows that the M+ ions observed as the major, or 
as an important species under neutral conditions, were 
due principally to simple ionization of the parent M 
atoms in the effusion beam. 

The vaporization of the oxides under neutral condi­
tions appeared to be stoichiometric. X-ray analyses of 
the oxides after heating indicated that only M 20 S was 
present at the end of the run. 

In order to determine the approximate equilibrium 
pressures of the vaporizing species, mixtures of the 
oxide and rhodium powder were effused from thoria­
lined cells. The rhodium provided an internal calibra­
tion by which the pressure of the species could be 
calculated from 

(3) 

where P, (J, and /+ are the vapor pressures, electron 
cross sections, and ion currents of the species X and 
rhodium. Iridium vaporizing from the liner in the 
first experiments could not be used for calibration 
because of its low vapor pressure.s The vapor pressures 
of rhodium estimated by Stull and Sinke,4 and con­
firmed in this laboratory,3 were used. 

The electron cross sections of rhodium, the rare 
earth metals, and oxygen were taken as 40.6, 73, and 
3.3, respectively, on the basis of the work of Otvos 
and Stevenson.5 It was assumed that the electron cross 
sections of the oxides were equal to the sums of the cross 
sections for the metals and oxygen. The uncertainties 

included in the extrapolation of the data of Otvos 
and Stevenson and in the assumption that electron 
cross sections are additive could, of course, have led to 
errors as large as a factor of 2 or 3 in the absolute 
pressure data. The values reported in Table I can, 
therefore, only be considered to be approximate. 

It is assumed that the predegassed thoria liners did 
not interfere with these measurements. No condensed 
phase interaction was noted and the equilibrium vapor 
pressure of ThO(g) and Th02(g) with Th02(s) was several 
orders of magnitude lower than that of the gaseous 
species of the least volatile of the compounds studied. 6 

The ratios of the various species effusing from the 
thoria lined cells were not markedly different from 
those obtained with the iridium cells. 

* This work was supported by Avco Corporation, by the Ad­
vanced Research Projects Agency and by the Materials Central 
Wright Air Development Division, Wright-Patterson Air Force 
Base, Ohio. 
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THE state of experimental gas behind reflected shock 
waves is usually calculated from the velocity of the 

incident wave using the simple theory of plane shock 
wave reflection. Recent results have indicated, how­
ever, that the reflected waves may actually be sub­
stantially weaker than calculated, even in a pure 
monatomic gas.l-3 We have carried out a number of 
experiments using the technique of soft x-ray absorp­
tion to see if the density behind reflected shock waves 
in pure xenon would be significantly lower than cal­
culated. 

The apparatus described previously4 was rebuilt to 
enable shock wave experiments to be done under clean 
vacuum conditions. The shock tube is of 3-in. i.d. steel 
tubing, with a lO-ft driver section and an ll-ft ex­
pansion section. It can be evacuated to less than 10-6 
mm Hg and has an outgassing rate of about 1-3 ,u/hr. 
Shock velocities were measured using platinum resis­
tance gauges and a raster-sweep oscilloscope. Attenua­
tion was less than 0.2% in 50 cm. Beryllium slits 1.5 
mm wide define the x-ray beam. The intensity of the 
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