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ABSTRACT 

18 An 0 -enriched oxygen gas sample has been used for exami- 

nation of isotope structure in 20 atomic lines between 2000 and 

10,000A. Strong sharp lines were obtained in a liquid nitrogen- 

cooled electrodeless quartz discharge tube containing up to 

0.5 mm of oxygen in 5 mm of helium. Excited by a 10 mc oscil- 

latort the discharge was photographed through an external Fabry- 

Perot interferometer in series with a large prism spectrograph. 

The shifts found ranged from zero to as high as 0.5 en  for 

*4233 (4P 3P . jd' 5P) and A2884 (3p 5P - 3d' 5P). 

Enough data was available to allow a study of the Internal 

consistency of the measured shifts as a test of tne mass effect 

theory. Relative shifts between pairs of 3p levels were studied 

for conformity with the prediction that they should be given by 

the normal mass effect alone. Moreover, the data for two lines 

gave empirical values for specific effect integrals which were 

then used to predict shifts in other lines having known shifts. 

Both tests were favorable. The formal relationship of one of 

these integrals to radiation theory suggested the calculation of 

a transition probability and an f value for the M306 resonance 

triplet, resulting in reasonable values.  It was concluded that 

the mass effect theory is generally applicable to oxygen, and 

that the abnormally large shifts found for X4233 and X2884 are 

the result of interactions affecting the common upper level. A 

comparison was made with earlier nitrogen data. 

During the isotope shift survey, untabulated fine struc- 

ture was resolved in the triplet multiplets 

• 



A8446 (3s 5S2 - 3p 
3P210)# *2884 (3p 

5P21 - 3d' 
3P2), and M368 

(3s \  - 4p 5P210). 

Listed as a doublet, A8446 has three components whose 

relative intensities allowed establishment of the 3P P anoma- 

lous splitting as follows: J » 1 lies O.559 cm" below J « 2, 

and J « 0 lies O.158 cm" above J =» 2, in agreement with Edlen. 

X2884, heretofore found single, has two components separated by 

O.558 cm"1, confirming the X8446 data. 

Two components of X4368, previously considered single, 

were resolved and found to have a separation of 0.300 cm" , the 

weaker component having the shorter wavelength. Prom the rela- 

tive intensities it was deduced that J « 0 lies above the degen- 

erate J = 2,1 level of the 4p ^P state. 
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CHAPTER I 

INTRODUCTION 

Intereat in the hyperfine structure of atomic spectra has 

been recently stimulated by the availability of isotopes in pure 

form.  The two main nuclear effects involved, namely, the mag- 

netic interaction due to a nuclear magnetic moment, and the iso- 

tope shift, are being studied for additional clues to the struc- 

ture of nuclei. The hyperfine structure of any line generally 

consists of one component for each isotope of zero spin, usually 

of even mass, and a set of magnetic hyperfine components for each 

isotope with spin, usually of odd mass. The isotope shifts are 

then the relative differences in wave number among the single 

components of the even isotopes and the centroids of the odd iso- 

topes, the determination of the centroids requiring a magnetic 

hyperfine term analysis. 

It was found that the displacements of the deuterium satel- 
p 

lites of the principal hydrogen lines could be explained merely 

by using the reduced mass of the electron. A more general theory 

was first formulated for two" and three-electron atoms,-* and was 

later extended to n"electron atoms.  With neglect of non-electro- 

static interactione such as spin-orbit coupling the energy level 

correction consists of the sum of two parts, both of which are in- 

versely proportional to the nuclear mass:  The first is the 

change Introduced by multiplying the levels for infinite nuclear 

mass by u/m, as was done for hydrogen and hydrogen-like ions; 

this part is called the normal mass effect. The second part 

arises in the many-body problem as a result of the transforma- 

tion from laboratory coordinates to coordinates of the center 



of mass and relative coordinates of the electrons with respect 

to the nucleus. The Hamiltonian becomes essentially hydrogen- 

like except for extra terms which couple pairs of electron mo- 

menta and which are treated as a perturbation. This is the 

specific mass effect and is very difficult to evaluate, requir- 

ing a precise knowledge of the wave functions of the particular 

levels involved. Contributions of the specific effect have been 

calculated for transitions in the spectra of Li-5, Ne , Mg-*, B , 

and He'. There is fair agreement with experiment for roughly 

half of all shifts predicted, and poor agreement for the rest. 

Where discrepancies occur, there is doubt as to the precision of 

the wave functions used, as well as to the Justification of the 

neglect of spin-orbit coupling. 

The large displacements and non-linear spacings of lso- 

topic components found in heavy element spectra cannot be ac- 

counted for by the mass effect, which should be vanishlngly 

small there. A fairly consistent explanation is based on the 

hypothesis of the existence of a non-Coulomb field experienced 

by an electron which penetrates the extended volume of the nu- 

cleus . This nuclear field theory has been applied with some 
g 

success to the spectra of heavy elements. 

For elements of intermediate atomic number a superposition 

of the mass and field effects has been assumed to be valid. Un- 

fortunately, as a result of the mathematical difficulties very 

few calculations of the mass effect for such elements have been 

made to test the correctness of this assumption. Prom a consid- 

eration of the shifts found in the Zn spectrum, however, Crawford 



/ 
i 

et al. conclude that the contribution from the specific mass 

effect may be relatively appreciable despite the large nuclear 

9 mass .* 

The existing discrepancies with theory are sufficient to 

warrant the accumulation of more experimental isotope shift data, 

for the light as well as for the heavy elements. This report 

consists mainly of an exposition of isotope shift measurements 

on oxygen and a semi-quantitative theoretical analysis.   In 

addition, there is reported some new fine structure discovered 

during the isotope shift survey.   An analysis of this struc- 

ture is made to infer the splittings of the energy levels in- 

volved . 

I 



CHAPTER II 

EXPERIMENTAL APPARATUS AND PROCEDURE 

The measurements were made with oxygen gas enriched with 
18 

about 29 per cent 0 , kindly furnished by A. 0. Nier. By the 

use of an electrodeless discharge in a quartz tube containing an 

oxygen-helium mixture sharp interferometric patterns could be 

photographed generally with less than an hour of exposure, even 

for the weaker lines. 

Figure 1 shows the vacuum system used and the electrical 

connections to the discharge tube, the lower half of which was 

made narrow for effective cooling. A 10 mc power oscillator ex- 

cited the discharge. Liquid nitrogen cooling, in addition to 

minimizing the Doppler broadening, enhanced the atomic spectrum 

relative to the band background since even with cold traps on the 

system sufficient stopcock grease vapor could enter the discharge 

to produce numerous impurity bands, which were suppressed if the 

discharge tube were kept sufficiently cool. 

Owing to the small but not negligible clean-up of oxygen 

which occurred with time, a discharge was run with the pure oxy- 

gen isotope mixture, with fresh oxygen being added a little at a 

time until the walls of the tube became thoroughly impregnated 

with the mixture and the pressure remained constant. A Plrani 

gauge was used to measure the oxygen pressure since mercury re- 

acted with the oxygen strongly enough to cause large fluctuations 

in the concentration. It was found that relatively high oxygen 

concentrations (roughly 0.5 mm of Op in 5 mm of He) were neces- 

sary for optimum brightness of the atomic spectrum.  (If the 
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concentration were allowed to decrease to zero by means of the 

clean-up process, the bands would become relatively stronger than 

the lines and would vanish no more rapidly than the strongest 

lines.) 

To maintain a stable bright plasma, a minimum power input, 

depending on the oxygen concentration, was required. That is, 

for a given mixture there was a minimum oscillator plate voltage 

at which the bright plasma appeared. For strong lines, a small 

oxygen concentration (less than 0.1 mm) could be used, with a 

correspondingly low power input. When the best oxygen-helium 

mixture was achieved, the discharge had an orange color, Helium 

5876 and Oxygen 6158 appearing equally bright to the eye. The 

minimum plate voltage required to maintain a stable bright plasma 

was always used, to keep the power dissipation low without an 

appreciable sacrifice in brilliance. 

Lines in the wavelength range 2000A to 10,000A were stud- 

ied by means of a Pabry-Perot interferometer the auxiliary 

crossed dispersion for which was provided by a large Hilger El 

quartz-glass prism spectrograph. The interferometer was mounted 

external to the spectrograph in a parallel beam arrangement. An 

auxiliary slit between the source and the interferometer was 

found necessary for the elimination of spurious fringes produced 
12 by the interferometer plates.   The optical system is shown in 

Figure 2. 

A pair of silvered Interferometer plates was used for the 

visible and infrared, and aluminized plates for the ultraviolet. 

The silver films were re-evaporated when necessary to obtain 

optimum performance for lines of different intensity. 



*M*a m I,I.I..».^_. 

CVJ   5 
M        0 

•*    <f»»>.'-••>. ." ~TT 



10 

A single set of aluminum films, however, sufficed throughout the 

work. Figure 5 shows the evaporation scheme and crucible used in 

the preparation of the silver films, for which the data of Kuhn 

and Wilson ' served as a valuable guide. 

For the violet and ultraviolet regions, Eastman 0 plates 

were used, and for the near infrared (in which region many im- 

portant oxygen lines occurred) hypersensitized Eastman N plates 

were found excellent. 

Where lines could be photographed with a wide slit, a 

Zeiss microphotometer connected to a Speedomax Leeds and Northrup 

recorder reproduced the interferometrlc pattern contours. In 

cases where a narrow slit was required, the positions of the 

peaks were determined with a traveling comparator microscope. 

The isotope shift in a given line was found by measuring the 
18     l6 

relative positions of the 0  and 0  peaks in the pattern and 

using MacNair's method for calculating the shifts in terms of 

14 
fractions of an order.   This method was found to be faster and 

no less accurate than second-degree interpolation. 

Since the techniques varied among the various lines and 

line groups, they are here individually discussed. 

>.3820: This strong single line was easiest to photograph, re- 

sulting in a very accurate measurement. Figure k  shows 
18 

the 0  satellite with two different spacers and Figure 5 

exhibits corresponding densitometer traces. 

^8446: -> Jse of a small spacer reduced the confusion caused by the 

triplet fine structure. 3 and 6 mm spacers allowed all 
l8 

three fine structure components and their 0  satellites 

• 
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to be accounted for. Figures 6 and 7 show the isotope 

structure of this very strong line. 

*8222: Among the members of the multiplet, which were Just re- 

solved by the spectrograph, this wavelength and A82J3 

appeared strongly enough to measure. Use of a wide slit 

was possible. 

*7995« This line was quite faint and very close to a strong line 

of argon, which was present as a contaminant in the en- 

riched sample. It required a run of several hours with a 

narrow slit, and showed an asymmetry toward long wave- 

lengths with a 46 mm spacer. Only one component of the 
16 

multiplet listed  appeared. 

X7772:  Its lower level being metastable, this strong triplet, 

which could Just be resolved with a narrow slit, showed 

marked self-reversal with a thick source. The strength 

of the line allowed the use of a narrow tube which was 

observed side-on while completely immersed in liquid ni- 

trogen. 

X7476:  Only one component of the listed multiplet appeared. 

The largest spacer used, 46 mm, failed to show up any 

asymmetry. 

?\7157:  Several hours of exposure were needed for this very faint 
18 

single line. The 0  satellite appeared clearly with an 

8 mm spacer, but hazily with larger spacers. 

A7002: With an 8 mm spacer, all three components were exactly 

superimposed. Since any asymmetry would have been notice- 

able, an upper limit could be assigned to the isotope 

shift. 
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X^6^56, 6158, 5437f 5351, and 4969: At least one component of 

each of these triplets was Just resolved from the others 

with a narrow slit. ^6^56 and A6158 were sharp enough to 

allow use of a 46 mm spacer. 

X^568: Listed as a single line,  this strong multiplet 

was found to have two fine structure components whereas 

three are expected from the transition. Fortunately the 

fine structure splitting was about double the isotope 
18 splitting, so that the 0  satellite of the strong com- 

ponent could be displaced about half an order with an 

appropriate spacer, while the weak fine structure com- 

ponent was separated by exactly one order. See Figure 8. 

A4235*. This faint line had some band background which was 
18 

slightly less intense than the 0  satellite. With a 

narrow slit an hour of exposure was required. 

A5955: The only two components observed were so staggered in 

wavelength that an 8 mm spacer could be used to assign an 

upper limit to the shift. 

*39^7: Although three components appeared, a comparison of ex- 

posures with enriched and unenriched oxygen showed an 

asymmetry when an 8 mm spacer was used. 

^5823: The strongest component of a resolved multiplet, this 

18 line showed an 0  satellite clearly with an 8 mm spacer, 

but hazily with larger spacers. A narrow slit had to be 

used. 

^3692: The same behavior was shown by this line. 

X2884: Due to the considerable band background in this region, 
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18 the positions of the 0  satellites of the two newly 

resolved triplet components  were inferred from compari- 

son of intensity pattern contours of identical exposures 

with enriched and unenrlched oxygen. The value obtained 

was consistent with that predictable from consideration 

of the closed quadrilateral formed by XX2884, 8416, 4 368, 

and 423J. 



CHAPTER III 

RESULTS 

Table I llBts the lines studied, with transitions and iso- 

tope shifts. An unprimed symbol for the optical electron refers 

to a level in the S system, which is built on the S term of the 
2      2 

ion. Primed and double-primed symbols refer to the D and P 

systems, respectively. The errors given for the various measured 

shifts are estimates of the maximum range of error. Although it 

is conventional to give the probable rather than the maximum er- 

ror, it was uncertain whether all systematic errors could be ac- 

counted for. As an example, a band line unsymmetrically super- 

18 imposed on the 0  satellite could, even if lower in intensity, 

introduce a systematic spurious shift in all orders of a pattern. 

The probable error in such a case could be very small for that 

set of data, and therefore be misleading. It was decided to list 

estimated maximum errors for all lines instead of risking confu- 

sion by listing probable errors for some and maximum errors for 

others. In all cases, the probable error was of -the order of 

several times smaller than the maximum error, which was estimated 

high. Each observed shift given to three decimal places is the 

average of around 12 determinations, taken from one or two 

plates. For these lines the spacer was always chosen so that the 
18 

0  satellite, for the final plates, lay approximately midway be- 

tween orders. The symmetry thus imposed prevented spurious 

shifting of the peaks relative to each other due to overlapping 

of the wings. Shifts given to less than three decimal places in- 

volved some difficulty in assignment of exact values because of 

«*. J3L.f .. v . •  ~ 
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excessive band background, haziness, or interfering fine struc- 

ture. The signs applied follow the convention that a shift to 
16    18 

higher frequencies in going from 0  to 0  is called positive. 

The normal mass effect, always positive was calculated in the 

usual way with the formula: 

*y--^v (1) 

where AH is the reduced mass change from that of 0  to that of 
18 

0 , m is the electron mass, and v is the wave number of the tran- 

sition in 0  . Given in the last column of Table I are the dif- 

ferences between the observed and normal shifts. These should 

correspond to the specific mass effect, since no other theoretical 

significance has been suggested for the residual shifts found in 

light elements. An energy level diagram with the transitions 

giving rise to the investigated lines is shown in Figure 9* Two 

quadrilateral figures, it may be noted, are formed by the two re- 

spective sets of wavelengths: X4233, ^368, *8446, X2884, and 

X5823, A7995, X5955* X7*76. These closed polygons afford a check 

on the internal consistency of the measured shifts. Although the 

shifts in lines forming the first quadrilateral are energetically 

consistent, those in the second quadrilateral are not. In con- 

nection with the latter inconsistency, the classification of the 

transition "KJ^lS  is questioned in the following theoretical dis- 

cussion, in which an outline of the mass effect theory is given 

and an attempt, based on the observed shifts, is made to Justify 

the applicability of the theory to oxygen. 

U 
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CHAPTER IV 

DISCUSSION 

For the purpose of testing strictly the validity of the 

mass effect theory of Hughes and Eckart, it is necessary that 

certain Integrals be evaluated in the calculation of the specific 

mass effect. As in the Slater-type perturbation calculation of 
17 Russell-Saunders term energies, ' the problem is two-fold: The 

first part consists of the establishment of the desired perturba- 

tion energies in terms of linear combinations of unevaluated in- 

tegrals, which are treated as algebraic parameters. The second 

part of the problem is that of obtaining the numerical values of 

the integrals. This requires a knowledge of the precise central- 

field wave functions for the particular states involved. The un- 

availability of the necessary wave functions for oxygen prevented 

the second part of the calculation from being executed. However, 

much could be done with the algebraic relationships of the first 

part. A sufficiently large number of measurements were made to 

allow the empirical evaluation of some of the parameters. The 

parameters thus evaluated were used to predict other shifts which 

had been experimentally observed. Such a procedure afforded a 

good Internal consistency test of the theory. 

In the following derivation of the mass effect corrections, 

some familiarity with the elementary perturbation theory of quan- 

tum mechanics is assumed. After an outline of the general theory 

has been presented, the specific isotope shift parameters for 

oxygen are deduced and an internal consistency test of the theory 
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is made. Since some isotope shift data for nitrogen is availably 

a comparison between corresponding parameters for oxygen and 

nitrogen is possible. Of additional Interest is the relationship 

of the specific isotope shift integrals to radiation theory di- 

pole moment integrals. By making use of this relationship, an 

approximate calculation of the transition probability and oscil- 

lator strength for the M306 resonance triplet of oxygen can be 

effected and should yield reasonable values if the mass effect 

theory is applicable. 

I. THEORETICAL OUTLINE 

Nuclear mass effect. The theoretical treatment of isotope 

shift requires that the mass of the nucleus be incorporated into 

the Hamiltonian of the system, and thus into the expression for 

the energy of a given state. Hence, the kinetic energy expres- 

sion will have a term for the motion of the nucleus in addition 

to the terms for the electrons.  In the laboratory system the 

classical kinetic energy is given by: 

T m (m/2)^t,2  + (M/2)i2 
i-1 x 

where m and s^ are the mass and coordinate vector, respectively, 
th -*• 

of the i  electron, W and s are the mass and coordinate vector, 

respectively, of the nucleus, and t is the number of electrons. 

The most natural coordinates for this problem, however, are the 

coordinates of the electrons relative to the nucleus and the co- 

ordinates of the center of mass. If the transformation to center 

of mass coordinates (R) given by 

(M + tm)R • Ms" + mil. ~BA 
i-1 

"/> •. 
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and to relative coordinates (r.) given by 

Is effected, and If p. and "? be the momenta conjugate to "r^ and 

*R, respectively, the following expression results for the classi- 

cal Hamlltonian: 

H «<l/2uj£:p4
2 +(1/M)Z1 PVP*I + P2/2(M + tm) + V 

1-1 x      1>J x J 

where p, is the reduced mass mh/(m + M). In the absence of an 

external field, the potential V will not contain the center of 

masa coordinates. As a result, the corresponding Schrodinger 

equation 

is separable and "t^"may be written as the product ~^_  (R)U^(rt). 

Correspondingly, the energy lc/" w + W, where w is associated 

with 31 W and 1° determined by the equation for a free particle 

of mass (M + tm): 

Jfi2        t72—     _ 
" 2(KftmJ V — " w~ 

The remaining Schrodinger equation, 

describes the internal motion of the system and differs from the 

"normal" form by the presence of the terms in \7i * V\  » 

\ which are responsible for that part of the isotope effect called 

the specific effect. 

Normal mass effect. Neglecting the specific effect terms, 
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It will be demonstrated that the effect of nuclear motion can be 

expressed by the replacement of m by \L,  the reduced mass, in 

equation (2). The exact result of such a substitution is the 

replacement of W , the energy for a fixed nucleus, by the cor- 

rected energy W - WQ(1 + m/M)~  . As will be shown, this follows 

from the fact that the potential energy V, assumed to be strictly 

Coulombic, is homogeneous in the coordinates and is of degree 

-1; i.e., V(^x,,..., §xt) •iv(x1,,.„xt)i If in the equation 

I 
i 

.2 
-%^- ?i2+vjvy .wy (5) 

the transformation of variable x, » $xi' is applied, then 

Vi2 - 1 Vi2   and 

2  ^r- ^r.2 

or 

l      2n^  i        J   *J 

(»> 

Assuming the solution of (4) with u£ » m and £W • W is known 

for the fixed nucleus, the energy in (3) is given by 

jr  o  mo 

This is the normal mass effect. 

Hence the normal correction for finite nuclear mass, 

/\\i  « W - W , is inversely proportional to the nuclear mass 

$£F 
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because 

AW - WQ(l + m/H)'1  - W0* W0(l - m/M) - WQ - - § W, 

The normal correction is positive (energy levels are raised) 

since W is negative. 

Specific effect perturbation. The specific effect terms, 

— 2 

M l7j  1  J     "  i*J  *  J 

are now to be regarded as a perturbation, in exact analogy with 

the treatment of the inter-electron electrostatic repulsion 

terms JT e /r., which appear in the potential function and lead 

to a splitting into Russell-Saunders terms when spin-orbit coup- 

17 ling is neglected. '  In applying the perturbation technique, 

certain matrix elements of o are needed and are constructed with 

approximate wave functions. The customary procedure is to assume 

that all electrons move in central Hartree fields without any mu- 

tual interactions. The wave functions and corresponding energy 

levels of any one of these electrons are characterized by the two 

quantum numbers n and A,  the principal and orbital angular mo- 

mentum quantum numbers, respectively. In the approximation that 

all such electrons move independently of one another, the Hamil- 

tonian is separable; that is, the Hamiltonian is the sum of the 

individual Hamiltonians and the total energy is the pum of the 

individual energies. Correspondingly, the solution of the com- 

bined Schrodinger equation may be taken to be a product or a 

linear combination of products of one-electron wave functions. 

The total energy in this approximation depends only on 

the set of n's and A'a, which is called the configuration.. Howi 

two more quantum numbers must be prescribed for each electron: 

. 
*»a^ 
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m* and mB, referring to the orbital and spin angular momentum 

projections along the z-axls, respectively. These do not affect 

the energy, which is thus degenerate in this zero-order approxi- 

mation. A zero-order wave function of a given configuration of t 

electrons consists of a product or a linear combination of pro- 

ducts of t one-electron wave functions, each one-electron wave 

function being characterized by a set of four quantum numbers 

n^m . Suppose U is a zero-order wave function, characterized 

by the set of kt  quantum numbers (nv/imj?imBi» 
,ntA;m/tmst'' 

which belongs to the configuration (n,^, »nt/t^* Tne di" 

agonal matrix element of the specific effect for that state is 

given by 

(UlalU) s^ulZ-ti^lU) 5 - X^A^jWrB o^ 

It will now be shown that this matrix element vanishes for com- 

pletely "independent" electrons. 

One may write 

by partial integration. Let U be given by the arbitrary product 

U «= u»(l)u (2) %(*)• The Greek letter subscript denotes a 

particular individual set of quantum numbers (nj^npm ), and the 

argument refers to the coordinates and spin of a particular elec- 

tron. Thus, Oyy is proportional to 

g/^WVtVij/ar^fjJVjUpU) 

which vanishes since each integral is the expectation value of 

the linear momentum of an individual electron. Therefore, the 
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electrons cannot be completely independent of each other, but are 

governed by the Paull principle, which demands that the total 

wave function be antisymmetric with respect to interchange of the 

coordinates of any pair of electrons. The only possible anti- 

symmetric zero-order wave function which can be constructed from 

a particular set u»(l)u (2) U
D(*) belonging to a given con- 

figuration is the determinant 

UgU) .... Ug(t) 

up(l) .... up(t) 

It may be shown that the diagonal matrix elements for the sym- 

metric function 

0 - . 2Tg(i,J) - ZIg(J,i) 
i,J       1,J 

are given by 18 

(UjGlU) - ZL jju*(i)u*( j)g(i,J)ua(i)Up(J)d2rid^J 

->(/
ru;(i)ug(j)g(i,j)up(i)ua(j)d'rid?J (5) 

where the integrals with positive sign are called, direct inte- 

grals. If g(l,J) is independent of spin, then in the zero-order 

nj^mam scheme the sum over the spin coordinates Implied in the Jf 

sign in (5) may be carried out at once. This gives a factor 

unity on the direct integral and a Kronecker delta 6(n£,nc) on 

the exchange integral, so that exchange integrals exist only for 

electrons with like spin. 

Only such diagonal elements taken with respect to various 

zero-order determinants (wave functions) belonging to the config- 

uration will be needed. The diagonal matrix element of 6~taken 

with respect to one of the zero-order determinants U is thus 

>*? 

r^=" ; J 
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given by (symbolically) 

(U{o|U) - (1/M)2I (a|plo)(P|plP) - (o|plP)(plp^o) 
a>0 

which is expressible in terms of one-electron matrix elements 

because "p«•?% factorizes. The first terms, being products of 

linear momentum expectation values, all vanish. Moreover, since 

p is a vector which antlcommutes with the parity operator, the 

only contributions from the second terms are those for which the 

pair of indices a and 0 refer to A'a differing by one unit. 

Using the fact that (pfpfa) 1B the complex conjugate of (a/p|0) 

one obtains 

°mj - - (VM)ZZKa|p)P)|2 - - (*2/W)ZL |/uVudtj2    (6) 
a>0 a>0       K 

Therefore the mass correction due to the specific effect is in- 

trinsically negative for each zero-order state. It is not neces- 

sarily so for a given Russell-Saunders state of which the zero- 

order state may be a part. It should be noted that the quanti- 

ties /(a|p|0)| are proportional to the hypothetical probability 

of optical dipole transition between two one-electron states 

characterized by the quantum number sets a and 0, and that the 

two states optically combine only if A|_ il,£m « tl or 0, and 

Use of the sum rule. Just as for the electrostatic per-       If 

turbation, one must determine the shifts in a set of Russell- 

Saunders states belonging to a given configuration when the spe- 

cific isotope perturbation is applied. Por negligible configura- 

tion interaction (i.e., matrix elements of the perturbation con- 

necting different configurations are vani3hingly small compared 

fOSsf 
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with the energy separations of the configurations) the Slater 

method of diagonal sums may be used.   A given configuration is 

now to be considered. There is associated with this configura- 

tion a finite set of zero-order determinantai wave functions, all 

one-electron factors of which have the same n and^. The number 

of determinantai wave functions possible Is determined by the 

number of different ways in which the ni^'a and m 's of all the 

electrons can be arranged, without violation of the Pauli princi- 

ple. Let the number of such arrangements be k, and let the wave 

functions corresponding to these be labelled U,, Up,...., UL . In 

zero-order, then, k is the degree of degeneracy for the energy 

associated with this configuration. Formally, one would then set 

up the secular equation for these functions as required by de- 

generate perturbation theory: 

'12 'Ik 

'21 
- 0 

(o22 -&w) . . . agk 

>kl        ak2 • •(a*k~&) 

The AW are then the desired specific Isotope shifts for 

the configuration, but a much simpler technique is available for 

obtaining the energies than that of Bolving this k  degree equa- 

tion. That technique requires only a knowledge of the zero-order 

diagonal elements o^, a22> etc. It makes use of the fact that 

the element <r  = (Umlo|U„) vanishes unless U and U have the mn  * m'  n m     n 

same value of ^mB and the same value of £*&»,  theBe quantities 

being the sums of m and m„ quantum numbers of the one-electron 

factors comprising U and U . This follows from the spin-inde- 
m     n 

pendent nature of the perturbation in question. If the rows and 
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columns of the secular determinant are now labelled by the k U- 

functions rearranged In groups having equal Xnu and Hm
Bt  the 

determinant will factor Into a chain of sub-determinants. Each 

subdetermlnant will correspond to a unique ZTm^* 2Lm8 P*
ir and 

will be of very low degree since only one, two, or three U-func- 

tions are generally involved in each of these. A further simpli- 

fication is afforded by the occurrence of identical roots in 

several different sub-determinants. That Is, 

det X - det A det B det C etc. 

The reasoning is based on the vector model of the atom. When 

magnetic effects are neglected, the total orbital angular momen- 

tum L and the total spin angular momentum S, as well as their 

sum J = L + S,  are constants of the motion. When the perturba- 

tion is applied, the zero-order configuration energy level splits 

into a number of levels, each characterized by a definite pair of 

values L and S. Moreover, the 2L + 1 projections ML of L, and 

the 2S + 1 projections M„ of S, also characterize each LS 

Russell-Saunders level. In the absence of magnetic coupling, 

therefore, each LS level is (2L + 1)(2S + 1) -fold degenerate and 

is associated with (2L +l)(2S + 1) functions, each of which may 

be characterized by an M.Mg pair. If the "Z.^»  and 21m pair for 

each U-function is identified with one of the M-Mg pairs of the 

several possible LS levels resulting from the perturbation, it is 

found that there are exactly as many U-functlons as there are 

MjMg values. Therefore, the energy of each LS level will occur 

aa a root in several of the M-Mg sub-determinants. Finally, the 

sum rule states that the sum of the LS energy roots in any cne 
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MfMg 8ub-determinant la 

equal to the sum of zero-order diagonal elements of i which oc- 

cur in that aub-determinant. The number of independent algebraic 

equations thus obtained is usually more than sufficient to de- 

termine all the LS roots uniquely in terms of zero-order matrix 

elements of o. Determination of the LS wave functions is thus 

unnecessary. 

The helium atom will serve as an example of the use of the 

method. The configuration is assumed to be ls2p. The electrons 

are thus in the state n, » 1 ,h 0, n. - 2, L 1, respective- 

ly. The notation ls+2p~ representa the zero-order state: nA - 1, 

^ - 0, m^ « 0, aig - 1/2, n2 - 2, Jf2  « 1, mg2  - 1, m^ . _ i/a 

The following twelve (»k) zero-order states (U) occur for the 

ls2p configuration: 

K  *1- l8o *& l8o *>*vK  2p- , I,* 2p; , isj 2p;x, la; 2p+, 

la; 2p+,  la; 2p*1#  la^ 2p^,  1B^ 2p^,   la^ 2p^.    The correaponding 

MTMS pairs are as follows: 

1 1,   0 1,   -1 1,   1 0,  0 0,   -1 0,   1 0,  0 0,   -1 0,   1 -1,  0 -1,  and 

-1 -1. 

Now all states in this case must be associated with L - 1 

(or P) states since no other total angular momentum can result 

from the addition of an a and a p electron. Thu8, the three poa- 

aible valuea of H , i.e., 1, 0, and -1, are the projections of 

the total angular momentum L - 1. However, all atates with 

Mg = 1 must be associated with S - 1 (triplet) states, whereas 

atate8 with Ms - 0 can be aasociated with S - 1 (triplet) or 

S = 0 (singlet) states. Three of the Mg • 0 states belong to 

5P (L « 1, S - 1) and three belong to P (L - 1, S - 0). We see 

ftS9""" 
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that the following six MJMQ values occur singly: 1 1, 0 1, -1 1, 

1 -1, 0 -1, -1 -1. Since each of these corresponds to a one- 

element determinant, each associated zero-order diagonal matrix 

element is equal to the ^P energy. Symbolically, 

(18+ 2p+)-(ls+ 2p+)-(ls+ ap^J-Cls; 2Pi)-(ls; 2P^)-(1B; 2p_-)-(5P) 

But there are two of each of the pairs 10, 0 0, -10. Therefore, 

symbolically, 

(lsj 2pi)+(ls; 2p+)- (Is* 2p;)+(ls; 2p+)-(ls+ 2D")+(ls; 2g+) 

-(5P)+(1P)-0 

since the zero-order matrix elements vanish for opposed spins. 

Thus, first (5P) and then ( P) are determined, with (XP) - -(5P). 

Note that (*P) is negative, according to (6), and that ( P) is 

therefore positive. Hence, helium-like triplets are lowered and 

singlets are raised by the specific correction. In this approxi- 

mation, either M^Mg or the quantum numbers J - L + S and 

Mj = ML + M„ may be associated with the degenerate levels in 

each multiplet designated by L and S. However, when magnetic 

interactions are considered, J and M, must become the final quan- 

tum numbers for the individual levels, each SLJM, degenerate 

eigenfunctlon being a linear combination of SWLU„  eigenfunctions- 

One-electron matrix elements. In equation (6) the diago- 

nal matrix elements of the specific effect perturbation are taken 

with respect to the zero-order antisymmetrized wave functions U 

belonging to a certain configuration. Each matrix element is a 

sum of one-electron quantities, j(ajpip)| , which are proportional 

to the probability of hypothetical radiative transition between 

state a(n/m^m ) and Pfn'^'m.'m '). Since the one-electron 

i. J 
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functions are products of radial and angle functions, and 

am8 - 0, 

|(a,pte)|2 -C(n/, n'f)D(j/, m£, f\  mf')o(m8, ms') 

where C depends on the integration of radial functions, and D 

on angle integrations which are known for hydrogenic transitions. 

Thus, for m„ • m •, the terms in equation (6) are given by ' 
B     B 

Knj/m, |pm' f-lf^ • l)i
2 - C(n£, n' f -l)«;(l/2) (?+»,) (fr,  -l)j 

;(n^m »ptn« fc-l,m, )|2 - C(n/, n' /-1)£/S - m,2j (7) 

All possible cases are covered by (7) due to the selection rules. 

The factor C must be calculated in any given case and has been 
4 

shown to be given by 

where R^/is the Hartree radial function for the n^ orbit, so 

normalized that / B~  r dr « 1. It is of interest to note n 
"  ° 20 that the curly bracket in the expression for C may be given by 

(9) (|-$ [(VW-1 - "ij/Zpn+lJ** •/\;-l'W>' 
Vn7-lr3drJ 

where W - is the energy of an electron in the n/ orbit and v - 

Is the corresponding effective central field. If the approxima- 

tion is made that the v's are the same and that the energies 

W .  and W i i are known, the expression for C and thus the spe- 

cific isotope shifts for the configuration would depend only on 

the integral /Rn/Rni,_i
r &*»  which is essentially the dipole 

moment radial integral for a transition between an n^ state and 

an nl[-I  state. 
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II. SPECIFIC ISOTOPE SHIFT PARAMETERS POR OXYOEN 

In the application of the theory, the quantities 

C(n^, n1^1) are treated as unevaluated parameters, because of the 

unavailability of excited state Hartree wave functions. Por 

neutral oxygen, a configuration consists of eight nRvalues, 

seven for the ionio core and one for the optical electron: 

ls22s22p^n^. The core contribution is an additive constant for 

all states and can be separately considered. All three Russell- 
k   o     2 

Saundera states of the core, S, D and P, upon each of which 
» 

an entire energy level system is built when the optical electron 

is added to it, have the same specific shift. The reason for 

this is that the 2p-electrons combine (in the sense of equation 

(7)) only with the s-electrons and not with each other. Therefore, 

the core contribution is independent of the m* and m values of 

the 2p-electrons, and is given by 

AW(core) - - JaC(2p,ls) - 5aC(2p,2s) 
18 

where a « (M,g - MI6)/HIAMI6' Ml8 beinE the na^8 of the 0 

nucleus and M,g the mass of the 0  nucleus. In the following 

discussion, this contribution is disregarded since only the rela- 

tive shift between two levels is measurable. 

The addition to the core of an optical electron is now 

considered. It can Immediately be seen that the addition of an 

np-electron gives the same specific shift for all Russell- 

Saunders terms in ell three systems arising from the conflgura- 
2 2 "5 tion Is 28 2p^np. As in the case of the core, the np-electron 

combines only with the s-electronst  and the shift, which is in- 

dependent of the ni/, and m values of the p-electrons, is 

aip i 4 
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therefore 

AW(all np terns) > - aC(np,ls) - aC(np,2s) 

An s-electron added to the core, however, gives rise to the fol- 

lowing Russell-Saunders terms: *S, 's, ^D, D, 5P, and P. 

Each of these may have different shifts and a detailed analysis 

is necessary. The procedure, formally identical to that followed 

for the electrostatic perturbation, consists of setting up a 

table with JJTjnB • Mg values along the top and jF^«>V, • M_ values 

along the side. All possible combinations of one-electron quan- 

tum states having a particular M. and M<, pair are written in the 

corresponding box in the table. Also in that box are written the 

Russell-Saunders terms which have components there. This is il- 

lustrated in Table II. In those boxes having one zero-order 

state and one Russell-Saunders term, the diagonal matrix element 

formed with the zero-order state (see equation (6J) is equal to 

the energy of the Russell-Saunders term. In boxes with several 

zero-order states, the sum of the zero-order diagonal matrix ele- 

ments is equal to the sum of energies of the corresponding set of 

Russell-Saunders terms. This illustrates the use of the diagonal 

sum rule. Only that quadrant of the table corresponding to posi- 

tive ML and Ms values is needed. Other quadrants give redundant 

information and may be used as a check. The seven boxes shown in 

Table II provide seven algebraic equations for the six unknowns. 

The total number of Russell-Saunders states labelled by MLMg 

(or by JMj) is 40 and the total number of zero-order states is, 

correspondingly, 40. 
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TABLE II 

CLASSIFICATION OP EIQENFUNCTIONS OF THE CONFIGURATION 2p5na 

FOR USE OF ENERGY SUM RULE 

40 

4 

2 
<pjp>rt) 

3D 

5c 

( S) System: 

(EIPIP^O' 
5D. 'P 

.+«+«--- --."«+-+^ 

(POB1PI8O?' 

\    > P, 

%,   5S 

(PlPtP^o^^lPoPo8^' 

(EMPI8O)   (BlPiPi8^ 
5D,  1D,  5P,  X? 

-+_+_-_-< 
(PleiPo8o)'(plBlPo8o>' 

(POBIP^O^^POBIPI8^' 

(p^PiEl8;)*(p;pIet8o) 
5S,  5S,   ^D,   1D, 

5P,  h 

( D) System: (2P) System: 

ZvW(5S)  « -5aC(2p,ns) AW(5D)  - -2aC(2p,na)^W(^Pj  - -2aC(2p,n») 

^W(5S)  » aC(2p,PB)     ^W(1D)  - 0 AJf^P)  - 0 

fy^ 
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III. COMPARISON OP THEORETICAL PREDICTIONS WITH 

EXPERIMENTAL RESULTS IN OXYGEN 

An Immediately verifiable prediction of the theory is that 

all levels arising from the addition to the core of a 3P electron 

must have the same specific shift. Therefore, the relative spe- 

cific shift between any two of these levels must vanish and the 

total shift should be given by the relative normal effect alone. 

The measured relative shift between two 3p levels may be obtained 

if both levels are connected with a third common level by two 

lines whose shifts have been measured. As may be seen in the 

energy level diagram, Figure 9$  five 3p levels, 3p ^P, 3p' -T), 

3p" ^D, 3p' D, and 3p' P, are interconnected through the lines 

X7157, X8820, X3823, X8222, X7995, X3955, and *7*76. T*016 111 

shows how the observed relative shift compares with the expected 

(normal) shift in five pairs of 3p levels. Corresponding pairs 

of connecting lines are indicated, with plus or minus signs de- 

noting whether the observed shifts in the lines have been added 

or subtracted to obtain the relative shift in the 3p levels. 

Taken from Table I, the numbers have been rounded off in accord- 

ance with the experimental accuracy with which they have been 

obtained. Except for the shift involving X7476, the comparison 

is quite favorable. 

" Tf 
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TABLE III 

COMPARISON OP OBSERVED AND NORMAL RELATIVE SHIFTS 

IN PAIRS OP 3P LEVELS 

Level Pair Connecting Lines  Observed Shift Normal Shift 
(cm"1) (c""1) 

3P' h 
3P' 5D 

3P 'P 

3P 'p 

3P 'p 

3P' 
XD 7157 - 8820 

3p" 5D 3823 - 8222 

3p' 'D 8222 + 7995 

3P" V 3823 + 7995 

3P" % 3955 + 7^76 

<0.01 

0.06 

0.07 

0.12 

<.0.1 

0.01 

0.05 

0.10 

0.15 

0.15 

. v&. 
arrows*-. _•. — • 
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The shifts In Individual 3s and 3P levels are given in 

terms of the parameters aC(2p,3s) and a[C(3p,ls) + C(3p,2a)J 

respectively. These may be empirically determined from two 

measured transitions between 3s and 3P levels. The lines 

*7772(3s 5S - 3P 5P) and X8820(3s' 2D - 3P* XP) are used since 

their shifts are known with relatively high precision. Moreover, 

the quintet levels are not likely to be perturbed by configura- 

tion interactions. The specific shift in A7772 is given by 

-3aC(2p,3s) + a[c(3p,ls) + C(3p,2s)j and the specific shift in 

X8820 is given by a£(3p,ls) + C(3p,2s)j . The measured specific 

shift in X7772 is £Va„(7772) - 0.013 -^0.019 cm"
1 and that in sp 

X8820 is z^v._(8820) « 0.064-M5.068 cm"1. Prom these values the op 

parameters of interest are obtained: 

aC(2p,3s) « 0.015-* 0.018 cm -1 

-1 a[c(3P,ls) + C(3p,2s)j - 0.064-* 0.068 cm" 

Table IV lists the specific shift parameters necessary for the 

calculation of the shifts in several lines. The comparison be- 

tween empirically predicted and observed shifts affords some test 

of the theory. The overall comparison, including the cases of 

the relative shifts between 3p levels, seems to show a general 

agreement with the theory, at least regarding sign and order of 

magnitude. The greatest discrepancy is found in the shift for 

X7476, which not only has the wrong sign with respect to theo- 

retical expectation, but falls to be energetically consistent 

with the shifts of XX3823, 7995* and 3955* which form a closed 

quadrilateral with X7*76. Moveover, X7476 is a multiplet with 

several components, but only one was found. One conceivable 

explanation would be that the line has been incorrectly classified. 
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The extremely large observed shifts In X4233 and A2884 nay 

be accounted for by assigning a large specific shift to the com- 

mon upper level, 3d' ^P. Assuming all the residual shifts to be 

due to the specific effect, one may use the measured shifts in 

the lines ^568 (3s 5S - kp  3P) and X4233 (4p 5P - 3d1 5P) to de- 

termine the specific effect in th 3d' ^P level, which is given 

by AW8p(3d
l 5P) - - 0.43 -*- 0.48 cm"1. The unexpected size of 

this shift seems to Indicate that the above form of the theory 
21 may not be satisfactory for this level. R. E. Trees  has sug- 

gested that a considerable configuration interaction may be oc- 

curring between 3d' *P and 2s2p^ '?,  In which part of the large 

shift expected in the latter may be shared by the former. The 

theory outlined above has not taken into account possible configu- 

ration interactions, the inclusion of which Involves additional 

parameters and makes the calculation considerably more complex. 

Such configuration interaction effects might account in part for 

the slight discrepancy between predicted and observed shifts in 

VT995. 

Where it has been possible to compare shifts in the com- 

ponents within a multiplet, such as in X8222, X7772, and X8446, 

the shifts are found to be the same within experimental accuracy. 

This is expected of transitions between Russell-Saunders levels, 

where the shifts are Independent of J-values. Most of the oxygen 

levels should be characterizable by LS-coupling since the fine 

structure splittings are very small. 

wiAV- ,mt.» 1 jmm>^—•>•** m» -.—-*—.•w- - <*--.. * *mmK« 
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IV. TRANSITION PROBABILITY AND f VALUE 

It is of interest to make uae of the formal relationship 

of the speclfio effect parameters to oettain radiation theory in- 

tegrals, as has been suggested elsewhere.  With several gross 

assumptions, a transition probability and an f-value for the oxy- 

gen M306(2p *P - 2p^3s 's) resonance triplet may be calculated 

with the empirically determined parameter (equation (8)) 
2 

C(2p,3.) - H'rfffie g* r **} 
The formal relationship required is (equation (9)) 

0 H  (m2/h*) (W50 - Wgp)
2 (r)2 

W,8 and W- are the approximate energies required to remove a 3s 

electron and a 2p electron respectively, and (r) is the dlpole 

moment radial integral 

<r) 'Jo*** ** 
„ r5 dr D 

The approximation has bean made that the 3s and 2p electrons 

move in the same central field. Thus, In equation (9) v,. and 

v~8 are equal. Tha validity of this assumption can only be 

tested by an actual calculation. Having (r), one may then find 
22 

the one-electron transition strength 

s2 - (l/3)e2 (r)2 

where e is the electronic charge. The total strength of the 

transition, S2(2pJf 5p - 2p5 5S), is given in terms of s2 by25 

S2 - 12s2 - 4e2(r)2 

Oh 
Prom this one may find the spontaneous transition probability 

for emission of the M306 multiplet: 

  ^    ,     _ i — HI 
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A - (64»V/5h}32 

where v Is the wave number of the transition. One may also find 
*      24 

the f value or oscillator strength for X1306 by 

f - (8ir2mvc/3e2h)S2 

Now(w, - w2 ) Is the difference In average energies of 

the terms In the 3s and 2p configurations. Prom an energy level 

table2-* (W, - Wg^) Is found to be approximately 94,700 cm" , 

or 1.88 x 10"11 erg. If aC(2p,3s) Is taken to be 0.0165 om"1, 

It follows for a - 4.16 x 1021 g"1 that C(2p,3s) - 3.97 x 10"2* 

g - ci 

Thus, 

1 -40 g - cm    , or 7.88 x 10        g-erg. 

(r)2 - 3h2C(2p.5.)/n
2(W„ - w^)2. Q^ , x<fi8 Cffl2 

or,  (r) • 0.30 x 10   cm.    That this Is a reasonable value follows 

from the fact that (r) should be of the order of 
Q 

an atomic unit of length, which is about 0.5 x 10  cm. 

For the X1306 multiplet, finally, A - 1.16 x 109 sec"1, 

corresponding to a reasonable lifetime of about 10 7 seconds for 

the multiplet. Moreover, f « 0.298, which is reasonable for the 

effective number of electrons. 

f 

' 
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V. COMPARISON OP OXYGEN WITH NITROOSN 

Since isotope shift measurements have been made on nltro- 

26 gen,~~ it is possible to compare empirically determined parame- 

ters for nitrogen with corresponding parameter for oxygen. The 

parameters of interest are those for 3s and 3p levels. With the 

same diagonal sum method used for oxygen it is found that the 

needed shifts are as follows: 

a.W(3s 4P) - - 28^(2?,3s) 

^W(3s 2P) -   aNCN(2p,3s) 

^W(all 3P states)- - aN[CN(3p>ls) + CN(3p#2s)j 

where a^- (M^c - M^J/M^cM^, M^ being the mass of the N 

nucleus and M,- the mass of the N ' nucleus. 

Por the multiplet ^8568-8656(38 2P - 3P 2P), the specific 

shift is found to be 0.038-* 0.049 cm"1. In the group X8703- 

8719(3s *p - 3P *D) the specific shift is - O.090 cm"1 with 

high precision. The group *8l85-8243(3s V - 3p *p) has the 

specific shift -0.08-»--0.09 cm"1, and the group A7424-7469 

(33 *P - 3P *S) has the specific shift -0.08 -+-0.10 cm"1. 

In terms of theoretical parameters, the shift in the transition 

(3s 2P - 3P 2P) is given by aNCN(2p,3s)+ aN[CN(3P,ls)+CN(3p,2s)j . 

The specific shift with the least spread in the other three 

groups is that found in the transition (3s P - 3p D), and is 

given theoretically by - 28^^ 2p,3s) + aNVCN(3p,ls) + CM(3P>2s)] 

Thus, one may obtain the parameters 

aNCN(2p,3s) « 0.043—0.046 cm"
1 

and 
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a„JCH(3p,ls) + CN(5p,2s)] •* 0 cm"1 

In contrast, the corresponding parameters for oxygen are 

aQC0(2p,5s) « 0.015 ^0.018 cm 
-1 

and 

a0lC0(5p,ls) + C0(3p,2s)| • 0.064-^0.068 cm -1 

Since the ratio of the factors a^/ajj is about 3/2, the value of 

C«(2p,3s) Is some 9/2 that of C (2p,3s). On the other hand, the 

sum jCN(3p,ls) + CN(3p,2s)J IS vanlshingly small for nitrogen, 

but JC (3p,ls) + C0(3p,2s)
1| IS appreciable for oxygen. A dis- 

crepancy Is apparent, for It may be expected that all parameters 

should have the same general trend, i.e., get larger or smaller, 

from one atom to the next. However, all the above nitrogen mul- 

tiplets occurring as transitions between different 3p levels and 

the same 3s level do have the same specific shift, within experi- 

mental error, as would be demanded by the theory. 

fci.1 



CHAPTER V 

NEW PINE STRUCTURE 

The thorough work of Edlen ' on the atomic spectrum of oxygen has 

required no essential revisions. There are, however, many levels 

of 0 I whose spin-orbit splittings are so small that the associ- 

ated multiplet lines have remained unresolved or only partially 

resolved, and augmentations of Edlen*s data were to be expected 

as greater resolution became available. During the study of iso- 

tope shifts in 0 I discussed above, new fine structure was un- 

covered in the lines X8446, X4}68, and A2884. 

i-J.:. 
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I. EXPERIMENTAL PROCEDURE 

The technique used for the fine structure was Identical to 

that used for Isotope shifts, except that relative Intensities 

were required In addition for the fine structure analysis. 

Plate calibrations were made for each of the three wave* 

lengths with time exposures of the same order of duration as those 

of the spectral exposures to minimize reciprocity failure. For 

X2884 a calibration made with a step-weakener agreed well with the 

corresponding time calibration. Silvered Interferometer plates 

were used for X8446 and X4368, and alumlnized plates for X2884. 

The density contours of the Interferometer patterns were repro- 

duced, as In the case of the isotope shifts, by a Zelss micro- 

photometer connected to a Speedomax Leeds and Northrup recorder. 

The fine structure splittings were determined by measuring the 

relative positions of pattern maxima and using MacNalr's method of 
Ik calculating the displacements In terms of fractions of an order. 

X8446. Two spacers, 5mm and 6mm, were used to obtain inter- 

ferometer patterns which show all three fine structure components 

clearly separated, as Figures 6 and 7 show. This triplet was so 

strong that a fine-grained IV-N plate could be used, but the con- 

trast for this type of plate is too great for photometric purposes. 

On the other hand, a fresh I-N plate with low contrast would be 

blackened in a few seconds, which was too short a time for accu- 

rate time exposure calibration. An old I-N plate was found to 

have the proper contrast and was sufficiently slow to allow an ex- 

posure time of several minutes. An infrared lamp was used for the 

calibration. The background of the plate used was quite clean, as 

— 
PWE-.   * i\, ;• 
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Figure 10 indicates. Becuase of the overlapping wings of the two 

strongest components, the weakest Is spuriously shifted toward 
the nearer of Its neighbors. I.e., toward the second strongest 

component of the 6 mm pattern. The 5 mm spacer, on the other 

hand, places the weakest component closer to the strongest compon- 

ent. Therefore, the value for the displacement of the weakest 

component from the strongest, given In Table V as ^P2 - ?Q>  was 

obtained as a weighted average of the values obtained with the 

5 mm and 6mm spacers. The weights were taken to be proportional 

to the "nearness" of the weakest component to the exact midpoint 

of the Interval between the two strongest components. With the 

notation Aoi = ^pp - ^*i denotln8 thc interval between the two 

strongest components, and A.20 — *o  "  0 denotin8 the interval 

between the strongest and weakest components, the weight ascribed 

to the value "T2 - •'PQ obtained from either trace was taken to be 

w - 1 - |z^20 -(1/2)^2x1/ (V?)^! 

X2884. A 4 mm spacer placed the weaker component of this 

doublet almost exactly midway between orders. About 30 minutes 

were required for an exposure on a II-O plate. A hydrogen arc 

lamp continuum was used for the calibration. Molecular band 

background was present. 

X4368. The strength of this doublet (incompletely resolved 

triplet) was great enough to allow the use of a very fine grain 

IV-0 plate for the splitting determination, a II-O plate being 

somewhat grainier for X4368 than a I-N for >8446. However, more 

proper contrast was provided by II-O plates, and two of these 

were used for the relative Intensity measurements; both plates 

gave the same relative intensity ratio. About 90 seconds were 

J • 
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X 84 46   FINE  STRUCTURE 
6  MM  SPACER 

O.I5»   CM' 

•ONE     ORDER- 

SHORT   X- 

FIQURE 10 

FABRY-PBROT FRINOES SHOWING ALL THREE 
COMPONENTS OF X8446 
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required for an exposure on a II-0 plate, and 20 minutes for a 

IV-0 plate. 

For X2884 and X^368, densitometer traces with both small 

and large lateral magnifloations were made, the smaller having 

about 5 cm, the larger about 13 cm, between orders. For both 

lines, the larger magnifications were found to give smaller data 

dispersions. 

'< * 

\ J 



56 

II. RESULTS 

Table V shows the splittings and relative intensities for 

the three transitions studied. The figures in parentheses are 

probable errors. The displacements in wave numbers were obtained 

with the relationship 

i\v - ^.n/2d cm 

where an is the displacement in fractions of an order, and d is 

the spacer size. Ten orders were used to obtain data for X8446, 

twelve for X2884, and twelve for X4>68. Relative intensities 

within a multiplet were obtained by drawing a smooth curve 

through each set of peaks and obtaining the average of several 

determinations of relative intensities in different places along 
28 

the nearly flat central portions of these curves.   The heights, 

converted to intensities by means of the calibration, were taken 

with respect to the background level, which was very uniform over 

the entire photographic plate in all cases. The values of rela- 

tive intensity given in Table V probably should be considered as 

upper limits becuase of the non-vanishing Instrumental background 
og 

characteristic of interferometer fringes.   The effect of such 

background may be small but is difficult to evaluate. However, 

the error in intensity measurements is estimated to be 15£. The 

values 5P2 - 
5PX for *8446 and 

5Pg - 
5PX for X2884 should be (and 

are found to be) equal since the same two fine structure levels 

are involved, as shown by Figure 11. 

T   ". • ' 
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III. DISCUSSION 

The complete anomalous structure of the 3p ^P level was 

inferred from its combination with 3s• n) by Edlen with the in- 

tensity sum rule. This rule states that for any Russell-Saunders 

multiplet the sum of the intensities of the lines having a given 

initial (final) level is proportional to the statistical weight, 

2J + 1, of that initial (final) level. The complex multiplet 

corresponding to the above transition is X7982-95. Although the 

doublet structure of X7982.41, which ends on P2o» 
wa8 not re~ 

solved directly by Edlen, he determined the splitting ^P2 - ^PQ 

(giving it as 0.16 cm" ) by noting that the splitting of the line 

pair ^PQ » - ^D, was measurably greater than that of the line 

pair Pi 0 ~ D2* T*161*6 n&ve remained, however, about a dozen 

lines involving the 3p *?  level which are incompletely resolved 

with respect to this level and which are expected to have split- 

tings based on the known structure of 3p ^P. Two of these are 

X8446.35 and A2883.78, the former wavelength determined by Edlen, 

the latter by Runge and Paschen.  The complete resolution of the 

X8446 triplet as well as of the A2884 doublet, confirms the 

structure of 3p P established by Edlen. The relative intensity 

ratio found for the three components of X8446, 1: 0.64: 0.30, was 

used to associate J-values of 3p P with individual components. 

That is, J > 2 is associated with the strongest, J - 1 with the 

second strongest, and J • 0 with the weakest. This ratio devi- 

ates slightly from the theoretical ratio expected for pure 

Russell-Saunders coupling, i.e., 1:0.60:0.20, since the statisti- 

cal weights of the J - 2, 1, and 0 levels are 5, 3* and 1, re- 

spectively. The discrepancy may be due to an error in the 

*•-* 
~r 11   A 
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relative Intensity measurement since It Is well known that In- 

strumental background between orders In Interferometer patterns 

can sometimes Increase the apparent relative Intensity of weak 

28 components by an order of magnitude.   One may examine the ef- 

fect on X2884 of band background, which Is definitely present In 

addition to the Instrumental background. In this case the rela- 

tive Intensity ratio of the two components, ending on J « 2 and 

J - 1 of Jp *P, IS found to be 1:0.66, respectively, whereas the 

theoretical ratio Is 1:0.60. The corresponding ratio found for 

X8446, 1:0.64, Is negligibly different. There Is a distinct 

possibility, then, that the deviation of the X8446 relative In- 

tensity ratio from the theoretically expected ratio may be due at 

least In part to a perturbation effect. Edlen has shown that the 

entire np yP series Is perturbed by Jp'^P In the displaced D 

system. This level, expected at a position above the lonlzatlon 
4 

limit of the normal S system, Is missing due to a strong auto- 

lonlzatlon effect In which the 3p' ^P level Interacts with the 

continuum above the np "T series limit. 

The structure found for X4J68 is Interesting since this 

line originates on 4p 'p of the np ^P perturbed series. Since 

only two components were resolvable, there remained the problem 

of deciding which two of the three levels J « 0, 1, 2 coincide. 

The choice made was based on the relative Intensity ratio, found 

to be 1:0.26. The three possibilities of coincidence were as 

follows: J » 0,1; J « 0,2; and J » 1,2. These would result in 

the relative intensity ratios 1:0.80, 1:0.50, and 1:0.125, re- 

spectively. The last possibility is most reasonable, since the 

presence of instrumental background would require that 0.26 be 
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considered an upper limit. Figure 11 indicates the Inferred 

structure of 4p *p, which is anomalous. It is to be expected 

that higher terms of the np ^P series, lying closer to the per- 

turbing level, should be even more distorted. 

The same kind of perturbation is probably responsible for 

the very appearance of lines such as V7932, X2884, X3825, and 

\5955> and others which connect terms of the different systems, 
k   p      p 
S, D, and P. These lines end on levels similar in character 

to levels which are in the same system as the initial levels but 

which vanish because of autoionization. Such transitions are 

otherwise forbidden. 50 

••*••-»'• 
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FINE   STRUCTURE   TRANSITIONS 
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