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ABSTRACT 

Quadrupole-coupling constants were obtained from measurements on 

La140 , Eu154 , Gdl59, and Lul77 nuclei oriented in neodymium ethylsulfate 

at temperatures down to 
0 0.01 K. These results are combined with the other 

available quadrupole-coupling data on La, Dy, Tm, and Lu in ethylsulfate 

lattices to determine the quadrupole-antishielded term transforming as 

Y2°, in the crystal-field potential, i.e., (1- ~00 ) A2°. This term increases 

fairly slowly throughout the rare earths, with an average value of approx-

4 -1 -2 imately 3 X 10 em a0 • These values were compared with theoretical 

estimates of -80 for ~oo to yield the quantities Comparison of the 

A
2 

O, s with the corresponding V 
2 
°' s taken from optical spectroscopy, 

using Hartree-Fock radial moments (r2
) for the 4f electrons, together 

with some extrapolation, gives a complete set of shielding factors (1 - a
2

) 

for the crystal-field component These factors vary from 0.6 in 

Lu3+ to 0.4 in Eu3+ and drop to -0.2 in La3+. Thus not only is 

there substantial shielding of 0 v2 , but this shielding seems to vary 

considerably in the 4f series. The a2 's are typically larger by 

about 50% than theoretical estimates • 
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I. · INTRODUCTION 

1 The splitting of ionic terms and levels in crystals comprised 

the first extensive. application of group-theoretical methods to quantum-

mechanical problems. Applied first to the iron (3d) group, these methods 

2 
were also used in the early 1930's for the rare earths. Elliott and 

Stevens introduced a systematic formulation of crystal-field theory for 

the rare earths in 1952-3,3-6 using the method of operator equivalents. 

The remarkable success of this formulation in e)cplaining optical spectra 

of rare-earth ethylsulfates, where many energy levels can be fitted with 

only four adjustable parameters, is among the best experimental evidence 

for the validity of crystal-field theory .. · 

Even in the relatively straightforward rare earths there are 

several levels of sophistication at which crystal-field theory may be 

applied. The simplest assumptions are that only the lowest term(s) of 

the appropriate 4~ configuration need be considered, and that the 

crystalline field is adequately represented by point ·charges of appro-

priate magnitude at neighbor-ing lattice sites. A rigorous treatment 

would consider all configurations of the ion in question, including those 

arising from promotion of electrons from closed shells, and would account 

for such subtleties as covalent bonding. 7 That these refinements are 

necessary for a realistic description of the problem is clearly de~onstrated 
• , M 

by the lack of agreement between the crystal-field parameters VL deduced 

by fitting optical data and those calculated from lattice sums, 8 as well 

as by the effects discussed. below'. At present attention is being focussed 

on the response of the rare-earth ion to the crystal field without ques-

tioning the origin of the field, beyond the usual lattice-sum 
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calculations. The simple assumptions regarding the ion are being repaired 

by introducing "shielding factors" to account for the effects on the 

crystal-field parameters of shielding by closed shells. The purpose of 

this paper is to evaluate the shielding factors that modify the leading 

crystal-field term, v
2
°, in rare-earth. ethylsulfates. Both experiment and 

theory indicate that shielding should be largest for this term. The key 

· data that are used are the "antishielding" components of quadrupole coupling 

constants. 

Quadrupole antishielding by excitation of nominally cldsed shells 

(the Sternheimer effect) was predicted in 1950. 9 It is particularly 

dramatic because it involves the enhancement of the field gradient at .the 

nucleus by closed-shell.electrons, sometimes by one or two orders of 

magnitude. A. very large antishielding factor in the rare earths was first 

found10 in Eu3+ (4f6 ) and was recognized as an antishielding factor by 

11 12 3+ 0 Judd, et al. Edmonds found large antishielding factors in La (4f ), 

showing their presence in several lattices, and, together with subsequent 

work by the present a uthors13 on Gd3+ and Lu3+, demonstrating their 

presence throughout the 4f series. A correlation was established between 

the antishielded field gradients and v
2
° into which later measurements 

on Tm3+ 14 d - ~+,15. h _ , an ~ ave fitted fairly well. Antishielded field 

gradients are derived in Section II. 

Only the ratio of the antishielding factor. (1 - ~ ) to the shielding 
CX) 

factor (1 - cr2 ) can be ~irectly assessed from experimental data, and in 

' . 11-13 
the interpretations of the early work it was not possible to resolve 

and discuss these two factors separately. Several detailed theoretical 

• 

• 

• 
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(. ) '1 bl 16-20 estimates of 1 ~ ~oo are ·now aval a e. · Their agreement is encouraging, 

and we shall use these estimates, as discussed in Section III, to deduce 

shielding factors for trivalent rare earths in the ethylsulfate lattice. 

In Section IV these factors are compared with the available theoretical 

estimates. 

II. THE ANTISHIELDED FIELD GRADIENTS 

A. Formalism 

The notation in the literature relevant to this work is far from 

uniform. We therefore define the terms with which we shall work before 

deriving antishielded field gradients for the various ions below. We 

believe that this notation is least ambiguous of the choices available. 

In the crystal-field model the Coulombic interaction of the 4f 

. 3-6 14 21 22 electron level with the crystal field may be. wrl tten · ' ' ' 

(1) 

Here rk, ek, and ¢k are the coordinates of the k-th 4f electron, 

q,M is a linear combination of spherical harmonics yM and. -M AM 
L L . YL ' L 

is a multiplicative factor giving the strength of the crystal field~ and 

SL is the linear shielding term arising from d@formation of closed elec

tronic shells. Nonlinear shielding is described by T~, which depends on 

several A M 
L . 

22 This ·latter effect has been discussed by Freeman and Watson, 
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~ho find that it may often be appreciable. Experimentally, optical data 

M M 1 L) are fitted ~ith crystal-field parameters v1 == A1 (1 - cr1 ) ,r 4f · This 

may be regarded as the defining e~uation for a
1

. It is important to note 

that both linear and nonlinear shielding terms are contained in. cr
1 

in a 

completely empirical ~ay. This is the same a
1 

used in Ref. 14 if one 

regards it as an empirical parameter, rather than as a linear shielding 

factor. Thus is not independent of 0 The symbol a
1

(or a if CJ2 A2 . n 
C m used for 

M) . . 
useP. for In Edmonds' notation 12 

~as A
1 

has been CJ2. n 

. (1 - a2 ) is designated )'E' and (1- )'
00

) is called -)'N. 

Interaction of the rare-earth ion ~ith the crystal field sets up 

field gradients at the nucleus through a variety of mechanisms. Experi-

mentally one finds that the nuclear spin Hamiltonian has a term of the form 

(2) 

.we have·omitted an anisotropy term because the crystals that ~e have studied 

have trigonal symmetry axes. We refer to the directly measurable ~uantity 

P as the ~uadrupole coupling constant. P may be a linear combination of 

several terms, 

Here p (j) 
4f 

theory. ·While 

(3) 

arises from the 4f configuration in j-th-order perturbation 

is most common, is very important in 

f 

• 

• 
in the 7F0 ground state .11 ' 23 The pseudo~uadrupole term P is in fact r· 

p~ 

·. 
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a magnetic effect unrelate¢1. to the nuclear quadrupole moment. It i.s the 

dominant term for Pm3+ in the double nitrate lattice,
24

'
2

5 but is expected 

to be negligible for all the cases treated here. The antishielded lattice 

. . b' 9,12,14 ,26 contribution is glven y . 

(4) 

and the first-order 4f te~m by5,l4 ,l9, 22 

2 
(1) Je Q 2 ( ) J ( -3) ( II II.) P4f = -4I(2I-l)(l-RQ)[3Jz -J J+l r 4f J a J · (5) 

Here "/
00 

is the Sternheimer .factor for the lattice and RQ is the "atomic 

. · 14 19 22 II II Sternhelmer factor." '· ' . The quantity (J a J) arises in application 

of the Wigner-Eckart theorem to evaluation of the crystal-field interaction 

by the "operator equivalent" te~hnique, 3 '5 and (r-3) 4f is the actual 

expectation value of r -3 for 4f electrons in the ion. The effective 

(r -'3)Q . 19 for quadrupole interactions is given by 

. (6) 

With sufficient knowledge of the behavior of a given ion in a 

crystal along with the values of P, P4f where necessary, Q, and I for 

a specific isotope, it is possible 
. . 0 . 

to obtain the quantity (1 - "/
00

)A2 . In 

the cases reported below that were studied by nuclear orientation, we have 

omitted discussion of the details of the alignment experiments and that part 

of the data reduction that involves nuclear decay properties or the absolute 
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temperature scales of the cooling salts explicitly. This part of the 
. 27 28. 

-work -will be reported else-where. ' For this paper -we shall simply note '" 

that the problem of obtaining a value of P from nuclear alignment 

pa~ameters is straightfor-ward,29 and -will use the values of P so obtained as 

our point of departure. The objective in this section is to obtain 

0 (1 - ~00 ) A
2 

from P. During the interval since -we reported preliminary 

values for some of the coupling constants discussed belo-w the absolute 

temperature scales of the t-wo cooling salts, neodymium ethylsulfate (NES) 

and cerium magnesium nitrate (CMN), have been redetermined in this 

28 30 Laboratory ' and the values of P are substantially modified. 

B. Lanthanum 

Edmonds has determined the magnitudes of P
139 

for 

lanthanum ethylsulfate, lanthanum magnesium nitr~te, and lanthanum tri-

chloride,12'3l using NMR. The results for the first, together -with 

0 derived values of (1 - ~00 ) A2 , are given in Table I. Abragam and 

Chapellier32 have determined the sign of P
139

· for La3+ in (99% La, 

1% Nd) magnesium nitrate as positive. The quadrupole moment, Q
139

, is 

positive: it follo-ws that (1 - ~oo) A2° is negative for lanthanum in the 

double nitrate lattice. From nuclear orientation experiments on La140 

in· CMN and NES -we find P140 (CMN) = +1.10(16) x 10-5 cm-1 , and 

P140 (NES) =. -1.42(12) X 10-5 cm-l The ratio of these t-wo constants is 

pr?bably kno-wn to about 10%• Its magnitude (1.29) is in fair agreement 
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. . pl39(LES) 
~ith Edmonds' ratio of p (LMN) 

139 
= 1.06. The sign of P140 (NES) is 

especially important, because the positive sign of (1- ')'00 ) 'A2° for La3+ 

in NES is derived from it, and on this derived quantity rests the inter-

0 
polation (belo~) from ~hich ~e shall infer values of A2 and (1 - cr2 ) 

for Ce3+ through 8m3+ in the ethylsulfate lattice. Our value for P140(NES) 

is based on a ')'-ray anisotropy of 

c. Europium 

. 0 
0.01 K. 

The most accurate nuclear orientation data27 give the values of 

P
15

4 and Q
15

4 quoted in Table I. The evaluation of 

from P is complicated by a s~cond-order term P4f( 2 ) arising from 

matrix elements of the form (J = 2, J
2 

= ofv2°1J = 0, J
2 

= o) that con

nect the ground level 7F ~ith the 7F2 level. 11 ' 23 Thus. Eq. (3) 
.0 

simplifies to 

(2) 
p = PLat + P4f. . 

We may ~rite 

6e
2

Q A2 ° (r
2
\f(l - a 2 ) (r -3\f(i . .:. RQ) f (20I/al/oo)l

2 

. I(2I - l)(E20 ~. EdO) 

(7) 

(8) 

This is essentially Elliott's original expression, ~ith appropriate shielding 

factors inserted to make the notation consis.tent ~i:th current usage. Using 

0 . 0( .)< 2)·· 8 -133 < -3) 8 -3 34 v2 = A2 1 - cr2 r 4f= 0 em , r 4f = 7.2 a0 , 

(201/al/oo) = 2j5.f3,23 I= 3, and E20 ., E
00 

= 1015 cm-1, 35 ~e find 
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in barns. Estimates of the 

. atomic Sternheimer factor, RQ' exist in part: the angular portion has 

been estimated as +0.29 ·for Eu3+, 14 , 36 and the radial portion for ce3+ 

-0.43. 14 ,l9. Experimental values in the range 0-0.2 have been given as 

for We shall take (1 - RQ) as unity in correcting for P4f (2 ). · 

We fe~l that this is a reasonable estimate in light of the above data, 

but note that this factor courd be in error by as much as 30%. 

value of A
2
°(1- 'Y,,J for Eu3+ in NES is +2.9(3) X 104 cm-l 

The final 

For in CMN 

yields A
2 

° (1· - 'Y
00

) 

a similar calculation, with 

4 -1 
-0.35(8) X.lO em . 

D. Gadolinium 

v 0 = -18.5 
2 

em 

-2 
ao 

-1 37 

. 159 
There are two subtleties in the analysis of the Gd . data that 

should be noted. First, the spin Hamiltonian ·for Gd3+ in an NES lattice 

in zero field may be written 

+PLat [ Iz 
2 

- (l/3)I(I + 1)] + CT S z z (9) 

Here the first four (crystal-field) terms are well-known and have been 

measured38 for a lanthanum ethylsulfate. lattice. The last term accounts 

for dipole-dipole interactions between the two nearest-neighbor Gd3+ ions 

and the host Nd3+ ions.39 The magnetic and quadrupole hfs terms are 

• 

.-. 
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of the form expected for the 4f7(8s
7
; 2 ) Gd3+ ion. ·When this Hamiltonian 

is diagonalized the crystal-field terms tend to establish lowest-energy 

basis states (i.e., basis states that are appreciably populated at O.Ol°K) 

in which the A term produces anisotropic magnetic hfs that opposes the 

"axial" nuclear orientation arising from the P term. Thus a correction 

is necessary before P can.be calculated. We have used an A value of 

0.0005 cm-l for Gdl59 in making the 24% correction: this is based on 

published values of A for Gdl55 and Gdl57 together with the available 

. . 159 27 46 information on the nuclear structure of Gd . ' The value of P so 

obtained is -1.44 x 10-3 cm-1 . 

- 0 
In order to obtain (1 - .'Yrx) A2 from P we have employed the 

collective nuclear model, which is very well-established in this region of 

the. periodic table, to estimate41 an intrinsic quadrupole moment of 

Q
0 

= +7.8 barns, which yields42 a spectroscopic quadrupole moment of 

+1.56 barns. Combining this with Il
59 

= 3/2, ·we find (1 - 'Y
00

) A2° = 2.54(26) 

4 -1 -2 
x 10 em a

0 

D .. Lutetium 

Nuclear .orientation experiments on Lul71 in NES yielded in a very 

straightforward manner PLat = -6.7(2) ~ lo-
4 

cm-1 . No experimental de

termination of the quadrupole moment, corrected for anti shielding, is available, 

so we have resorted again to nuclear systematic~ 41 , 42 to estimate 
. . 

Q = -:J-3.6 barns, from which we find (1 - "/
00

) A2° = +3.65(ll)xlo4cm-1a 0-
2

.
11 

This may pe compared with Edmonds.' value (Table I) for the lutetium ethyl-

sulfate lattice . 
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III. DERIVATION OF A2 O AND l-02 

0 We now have values for (l - ')'
00

) A
2 

obtained from orientation 

exp.eriments for four of the fifteen rare earths (including the first and 

last) in the NES lattice. Additional estimates for 
o· 

(l - ')'
00

) A
2 

of 

La3+ 12,31 - "'5+ 15 
' ~ ' T 

3+ 14 
m ' may be obtained from NMR 

and Mossbauer resonance on concentrated salts-; ·Agreement among the dif-

ferent estimates is only moderately good. Probably this is in part due 

to the use of different lattices for the various experiments. There is 

a general upward trend in (l- ')'
00

) A
2
°, and the values of (l- 02 ) derived 

below show sufficient regularity to permit interpolations of some credi-

bility. Of course (1 - 0 2 ) need not vary smoothly; some of the mechanisms 

that contribute to 0
2 

are expected not.to vary smoothly with atomic number. 

There are several theoretical estimates of ')'
00 

available for various 

16-20 trivalent rare earths. With one exception they lie near -80, and 

are reasonably constant through out the series. Following the advice of 

. .· 20 
Watson and Freeman we shall therefore adopt the value of -80 for .~00 

for all the rare earths. We feel that the most serious objection to this 

procedure is the fact that the theoretical values are based on nonrelativ-

istic p wave functions. Thus the magnitude of ')'
00 

is very probably too 

20 
low, especially in the higher-Z ions. The entries for A 0 

·2 
in col. 8 

of Table I were obtained by taking (l - ')'
00

) = +81, and these are converted 

0 2) to A2 (r 4f in. 

for comparison, in 

col. 9· The available theoretical estimates are given, 
. 43 . 0 

col. 10. · Column ll contains values of (l - 0 2 )·A2 

obtained from optical data. Comparison with col. 8 yields derived values 

. ~ 
of 0 2 , given in col. 12. Theoretical values of this parameter are listed 

. . 17 44 45 in col. 13, for comparlson. ' ' 
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.Figures 1, 2, and 3 · show the variation of 

. and (1 - 02) through the rare-earth·ethylsulfates. 

IV. DISCUSSION 

A great deal has been said in the literature about the applica-

bility of crystal-field theory to real lattices, especially apropos of 

46 shielding. Particular reference is made to recent papers by Burns and 

by Freeman and Watson, 47 in which shielding in rare-earth ions is discussed 

carefully. The systematics derived in this paper should be studied with 

these discussions in mirid: there are several rather obvious points of 

contact between the references and these results that we shall not discuss, 

both for reasons of brevity and because this field is still quite active 

and the conclusions are of necessity somewhat tentative. A definitive 

summary of shielding in the rare earths clearly.awaits more theoretical 

and experimental work. In what follows we shall therefore concentrate on 

the questions raised by this work that are particularly in need of clar-

ification if we are to understand shielding in greater detail. 

The similarity of the values of A2~(r
2 ) 4f in eels. 9 and 10 

of Table I is encouragi;ng: it suggests that theoretical lattice-sum 

estimates of A
2 
° are of approximately the right magnitude. Any undue 

optirni&;m about th@ ~ugntittati,v~. accu:ta·cy of tl:i.~!ll~ ®I!Jt1l'l!ll\:t®@ :l.!il P'-"~mgtur<;; 

in light of .Bur~s' .discussion43 of the assumptions entailed in a lattice-

sum calculation. Still we may draw the conclusion that it is primarily to 
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the shielding term, and not to A2°, that we must look for an explana-

tion of the rapid variation of the crystal-field parameter 

rare-earth ethylsulfates. 

v 0 
2 

in 

The sign change of (1 - cr2 ) in the light rare earths is 

intriguing. In accepting this result we must be cautious, because the 

usual assumptions have been made that the properties of a rare-earth 

-
ion are essentially independent of which_rare-earth lattice it is in, and 

that some of these properties vary smoothly with z, allowing a certain 

amount of extrapolation. There would be little point in studying the 

4f series in a lattice in which isomorphous· substitution is possible 

if these assumptions were not applied in the early stages (and shielding 

studies are in a very primitive state), but they should be tested ex-

perimentally. Even if some of these assumptions are not valid, though, 

it still seems inescapable that 0
2 

is near unity in the light rare 

earths in an ethylsulfate lattice. Of course the crossing through zero 

of (1 - 0
2

) has in itself no theoretical significance. The large 

magnitude of 0
2

, and particularly its Z dependence, are of importance. 

Of the sparse theoreticalestimates available, Sternheimer's values for 

0 2 are about 2/3 of the experimental values and show the indicated 

Z dependence. Freeman and Watson have recently emphasized the importance 

of nonlinear contributions to shielding. Their calculations also show 

z 47 
(J~ •. 

The prospects for understanding shielding in the rare-earth ethyl-

sulfates seem ~uite good: semi~uantitative agreement is already available. 

. 44 46 47 Theoretical techni~ue·s for calculating .a2 are still evolv1ng. ' ' It 
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is to be hoped that more reliable estimates of "/
00

, and especially of its 

z dependence ~Vill be made, using relativistic p VJave functions, so that 

· one may be certa.in that the experiments are studying shielding, rather 

than antishielding. On the experimental side accurate magnetic-resonance 

values of PLat in other lattices VJould be very useful. Several of the 

assumptions mentioned above should also be investigated. 
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.FIGURE CAPTIONS 

0 0 1 2) Fig. 1. Experimental values of v2 = A2 (1_- 02)\r 4f, for trivalent 

rare-earth ions in the ethylsulfate lattice, obtained from optical 

and paramagnetic resonance data. References are given in Table I. 

0 v2 seems to change sign in the very light rare earths. 

Fig. 2. · . Anti shielded crystal-field gradient, (1 - 'Y
00

) A2 °, derived 

from quadrupole coupling constants, for several trivalent rare-earth 

ions in the ethylsulfate lattice. A definite upward trend is evident. 

This may arise from 'Y
00 

or from A2 °. ·While we used the best 

available theoretical estimate of 'Y
00 

(a constant value of -80) 
\ 0 
\ in the subsequent analysis, we feel that the upward trend in (1 - 'Y

00
) A2 

probably arises from both factors. The discrepancy between the two 

3+ Lu points may arise in part from the fact that different host 

lattices were used. 

Fig. 3. Derived values of (1 - 02 ) for trivalent rare-earth ions in the 

ethylsulfate lattice, obtained by combining points shown in Fig. 1 

and 2, using 'Y
00 

·= -80, and neglecting any possible. variation of' 

ions' properties with host. The curve has no theoretical significance 

but· is drawn onl;y- to aid interpolation. 
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Tnblc. I. Crystol-ficld dl1to for the rare-earth cthylaulfotes 

,_3• 1}9 N>ffi 1.98c +0.27(l)h 1.4}(6) 177 

140 llA -1.42(12}d +0.13(2) 1 

ce3+ 

Pr}• 616P. 

r;d3 ... 

Pm}' 

Sr.r~+ 

Eu3+ 154 I lA (p:J~:it:a; +3.11(37) 1 •2-9(}) %2 . 317 

Gd,. 159 1\A '-11~4(~)d (•L56)J ... 2.51!(26) }14 2b6 

Tb}• 

o?' 161 ·l20(6) 0 'f +2.6k ..4.29(22) ~30 385 

10 llo3+ 

11 Er3+ '13,PI!OG 

12 Tm}• 169 •1.~? +5.10 6)0 40} 

1} Yb}• 

14 Lu}• 175 m.m 108.64(20) 0 +3.63 +5·9 730 

177 NA -67(2)d .... ,.6J -+}.65(12) b50 

13
Nll .. nueleer elignment: NHR .. nuclear magnetic resonence: II,"' 1-!0ssbouer effect. 

bSlgns ore giv;n vhere knmm. 

0w 139 in lenthonu:n ethylnulfote at 77°K: Lul75 in lutetium ethyluul1'ate et 20°K. 

din ncodyrn.; um ethylaulfete et 10-2 °K. 

0Quoted error dOes not include uncertolnty in e posolble etomlc Sternhelmer factor for 4f electrons. 

fin dyBproelurn ethylBulfste et 4.2°K. 

Bs.-:c Ref. 14. 

hy, Tlng, Phye. Rev.~. 29') (1957). 

1
C!!e Ref. '21· 

· jObtolned from nuc:leor. llyotctMtles, Sec text. 

kB, lllbek, K. 0. ttlelcon, nnd 14. C. OlesOn, Phya. Rev. !£§.. 406 (19')7), 

1r.:. C. Olecon end B. Elbck, J;ueleor Phyc!c:o !:L• 1:54 (1960), 

m.AIIoumt~c !, " -80. The uncertelntlee nncocloted 'fl1th thene quentltlca flre not ;ncluded, but ere our~ly lorce. 

0 Uelng.the (r2
) 4 f velue'c glven In Ref. 22. 

(-40) 

-13(8)r 

'14.1B 

,a.4t 

(73) 

87" 

96v 

(121) 

ll~Gw 

1'/lx 

J8o\l 

J8SY 

204~' 

(220) 

(236) 

0
11ere .,e have combined Burnn' celculet(.>d veluee for PrES end ErES (Ref. 46) with opproprJnte (r2 >

4
f volueo from Rt~f. 22. 

Pccleulnted ualng ncereet oxygene only. Sec Ref. 4,. 

0 •• 
2 

1.23 

(1.1) 

(1.0) 

(0.9) 

(0.8) 

(0.75) 

0.73 

0.61 

(0.65) 

O.GB 

(0.6) 

(0.6) 

Cl.68bb 

(0.6) 

0.68 

0.48 

UCRL-16318 

cthcory referencen 

12. 31 

tbl11 work 

th!B \,!Ol"i', 

1' 

31 

this work 

qThece ~ntrleo .,ere obtained from Bntllyele of optleol epec:troaeopy end peromoenet1c renonence dote, ond by extropoletJon or lnterpolAtlon (veluee 1n porenthcnen). 

rRef. 6. 

cJ, B. Gruber, J, Chern. Phys. ~. 9'+6 (1963). 

tJ, B. Gruber end R. A. Sotten, J. Chern. Phyc. l2• 14~5 (196,) • 

. ~. I.emmermen, 2.. Physik !2£, 551 (1958). 

vRer. 33· 

"'s. HU.fner, Zett. f. PhyeJk !.§.2_, 417 (1962). 

'1.!. J. D. P0\/~11 end n. Orbach, Proc. Phye. Sq,c. (London) 1§.. 7?3 (1961). 

YE. Jl, F.rnth, J. Chern. Phyo. ~. 1985 (1961). 

zfld. 14. 

0110btolned from eolll!llfls 8 And 11. Valuea obtalned from extrapolated values of A
2
° are glven In porenthcsee. 

bbliere \le omitted the ~ correction for conaloteney, 

ccR. M. !;ternheimer, Bull. Am. Phyo. Soc. !Q. 597 (196~). 

ddnef. rr. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor . 






