CONFIGURATION COUPLING

diffusion coefficient with magnetic field to that
without magnetic field is given. This agrees, as it
should, with our «. In the latter, on page 51,
the ratio of drift parallel to the electric field
with magnetic field to that without is given and
also the ratio of transverse drift with magnetic
field to parallel drift without. These should, but
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do not, agree with our « and 8, respectively.
In the absence of references it has not been
possible to determine the source of the differ-
ences, but it probably lies either in the method
used in averaging over the velocity distribution
or in the assumptions, perhaps tacit, regarding
that distribution.

OCTOBER 1, 1937

PIIYSICAL REVIEW

VOLUME 52

The Coupling of p Electron Configurations

Howarp A. RoBiNsON* AND GEORGE H. SHORTLEY
Mendenhall Laboratory of Physics, Ohio State University, Columbus, Ohio

(Received July 15, 1937)

The structure and type of coupling of the observed 2, $3,
and p* configurations is considered in detail in terms of the
intermediate-coupling theory, in particular for the long
isoelectronic sequences which have recently been analyzed.
The theoretical values of the ratios of various intervals in
these configurations are plotted as functions of the single
parameter which specifies the type of coupling. The experi-
mental values have been fitted to these curves and the
parameters evaluated. The points fit the theoretical curves
fairly well; and the departures of the experimental points
of an isoelectronic sequence from these curves are suffi-
ciently regular to enable accurate prediction of unknown
levels. This method has yielded new classifications in K IV

Introduction

Recent progress! in the analysis of isoelectronic
spectra has now made possible a thorough
comparison of the intermediate-coupling theories
with experiment for those elements containing
equivalent p electron groups. The manner in
which the energy of the various levels is predicted
to vary with the coupling is shown by Fig. 1.
These diagrams, but with only a few data
superposed, were given by Condon and Shortley.?
The size of the parameter x measures essentially
the departure from Russell-Saunders coupling
(x=0). For pure jj coupling x=o (1/x=0).
x is defined as the ratio of the spin-orbit inter-
action integral {, (C-S 4%4) to the electrostatic
integral 5F, (C-S page 177). Diagrams of this
 *Now at Central Technical Laboratory, Armstrong
Cork Company, Lancaster, Pennsylvania.

! For a complete bibliography see the last section of this
pa?pg(;ndon and Shortley, Theory of Atomic Spectra (Cam-
bridge, 1935). For the general theory and notation used in

this paper see chapters XI and XIII of this book. In what
follows this reference will be denoted as C-S.

and Ca VII. For the configurations $® and %, interval
ratios are found which are predicted to be entirely inde-
pendent of coupling. The parameters are plotted for the
isoelectronic sequences of sp, p, p?, p% p4 #5 and pPs
configurations. The electrostatic interaction parameter F,
is found to be a linear function of Z to a good approxima-
tion; the spin-orbit parameter {, is accurately proportional
to (Z—S)* for all but the first few members of each se-
quence. The screening constants (.S) for ¢, are much smaller
than the corresponding screening constants for Fs. A com-
plete bibliography of data for those atoms with p electrons
in the normal configuration is appended.

type are very compact and give a clear picture
of the manner in which the relative values of the
various energy intervals vary with the coupling.
In actual practice, however, they are incon-
venient to apply to experimental results because
of the various scale factors involved and are
inadequate for either extreme, x<1 or x>1,
where certain of the intervals become very small
compared to the rest. These difficulties are
obviated in what follows by using ratios between
directly observed energy intervals; these are
calculated from theory and plotted directly
against .

In the theory for the 22, $3, and p* configura-
tions, the ratio of any two intervals (e.g. 1Sy —1D,
and *P,;—?3P;) is completely determined by x
alone. Thus in these configurations, if any three
levels are known, x may be predicted and the
positions of the other levels as well. For example,
a knowledge of the Landé ratio for a triplet
term should predict absolutely the position of
the two singlet terms arising from a $? or p*
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Fi1G. 1. The configurations np?, nps, and np* in inter-
mediate coupling. Here are plotted quantities such as
(AD—Fo)/Fy(14x2)*% [cf. Eq. (1)], that is, the energy
intervals here are measured in units Fy(14x2)}. Superposed
are all data for n=4, 5, 6, and the first member of each
sequence for »=3. In the original figures of C-S, the x
value and scale to use for the #* and p* data was determined
by making 3P;, the mean of 1S, and 2P,, and the mean of
1D; and 3P; fit exactly. Near LS coupling this method of
choosing x has little significance when the configurations
are somewhat perturbed; e.g., it gives a negative value for x
for ST 3p% Since x=¢,/5F.; and since the triplet splitting
essentially measures {, and the distance between terms is a
measure of F, it seems most significant to choose x by
making a pair of intervals—one a term splitting, the other
a distance between terms—fit precisely. The intervals
chosen are: for 2, 3P,—3P, and D —3P,; for p3, 2Py;—2P;
and 2P.—2D,; for 3p* and 4p4, 3P,—3P; and S—1D; for
5p%, 3P;—3P; and 'D—3P,. 6p? and 6p° are plotted as in
C-S. This is the method used in obtaining the parameters
of Tables VI, VII, and VIII.
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configuration. It is our purpose to test these
conclusions in detail.

The only other configurations for which all
interval ratios are a function of but one param-
eter are those of the type Is and I™!s (ps, pSs,
ds, d%, etc.). These are considered in C-S, pp.
272, 304. In certain of these cases the theory has
proved of considerable use in locating the singlet
by means of the observed Landé ratio of the
triplet.?

We shall consider only the ‘“Russell-Saunders
half” of the diagrams (x=0 to x=1) as most of
the experimental values lie in this range. We
shall for convenience use the LS term designation
throughout. In general other types of ratios
than those which we consider would be of interest
in the ‘“j7 half” (x=1 to x= ).

The p? configuration

The secular equations for this configuration
are given in C-S, page 274. If we write the
equation for 1D in the form

(\D—Fy)/Fa= —2+14¢,/Fs
+[9— 3405/ Fat 946 (¢n/ F)2]?
= =243+ [9—138x+ 2251 6x* I,

(1

with similar equations for the remaining four
terms, expressions for such ratios as (3P;—3P;)/

TABLE 1. Configuration p*: Theoretical interval ratios as a
Sfunction of x.

3Py —3Py | 3Py—3Pg | 3P3;—3Pg 1S —1D 3Py =3Py
X 1S—1D 1S —3p, 1D —3P, 1D —3P, | 3P;—3P,
0 0 0 0 1.5 2
0.02 | 0.0168 | 0.0101 | 0.0252 1.4999 1.932
.04 .0335 .0201 .0503 1.4989 1.867
.08 0674 .0404 .1009 1.4952 1.751
12 1015 .0607 1510 1.4880 1.643
16 1357 .0810 .2010 1.4801 1.546
.20 .1700 .1012 .2495 1.4683 1.460
.24 .2040 1210 .2970 1.4538 1.378
.28 .2380 .1402 3415 1.4365 1.307
.32 .2720 1598 .3860 1.4168 1.238
.36 .3060 1782 4270 1.3946 1.175
40 .3400 .1962 4655 1.3704 1.117
48 .4065 .2307 .535 1.3168 1.012
.56 473 .2640 .596 1.2584 0.926
.64 .539 .2940 .645 1.1975 0.844
72 .605 3215 .687 1.1361 0.774
.80 670 .3470 720 1.0760 0.713
.88 .736 3713 749 1.0180 0.659
1.00 835 403 .782 0.9367 0.592

3E.g., H. A. Robinson, Phys. Rev. 49, 301 (1935),
Table V.
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(1S—1D) in terms of x follow immediately. The
ratios whose numerical values are listed in
Table I and plotted in Fig. 2 are of three types.
The first type consists of ratios between the
triplet splitting and the distances between terms;
in what follows they will be called coupling ratios
inasmuch as they are all zero for pure L.S coupling
and start increasing linearly with x. If 3P,
denotes the centroid of the triplet term (the
mean of the levels weighted according to 2J+1),
these ratios are given by (3Py—3P,)/(*D—3P,);
(3Py—3Py)/(!S—'D); and (3Py—3P,)/(1S—3P,).

The second type is the familiar Landé ratio
(3Py—3Py)/(3P1—3Py). In the LS limit this ratio
is 2 but it departs rapidly from this value,
decreasing linearly with x. When the triplet has
as yet only 0.085 of the total configuration spread
(x=0.18), it has already fallen to 1.5. It begins
to decrease according to the relation

((Py—*P1)/(CP1—Po) =2—T5x+123454x2+ - - -

This relation may be obtained either from the
energy formulas or from third-order perturbation
theory.

The third type of ratio (1S—D)/(AD —3P,) we
shall call the Slater ratio inasmuch as Slater
first showed that in pure LS coupling its value
should be 3;5. It decreases quadratically from
this value according to the relation

(1S—1D)/(1D—*P,) = 35 — 254 gx2+ - - -

Of these five ratios only three are independent—
the Landé ratio and any two of the other four

TABLE I1. Configuration p*: Theoretical interval ratios as a
function of x.

3Py —3P» 3P, —3P, 3P =3P, 1§ —1D 3Pg—3Py
X 1D —3P, 1S —1D 1S —3P¢ 1D —3P, 3P, —3P;
0 0 0 0 1.5 0.5
0.04 | 0.0339 | 0.0226 | 0.01354 | 1.4989 4653
.08 .0686 0458 02747 | 1.4959 4313
12 .1038 .0696 04167 | 1.4914 3984
.16 .1396 .0940 .0562 1.4870 .3653
.20 1754 1187 .0708 1.4778 3333
24 2112 1437 .0855 1.470 3017
.28 .2467 .1688 .1002 1.461 .2706
.32 .2819 1941 .1149 1.452 .2401
.36 3164 .2192 1295 1.4434 .2102
.40 .3503 .2443 1439 1.4344 1808
.48 4157 .2934 1720 1.4173 1237
.56 4775 .3407 .1988 1.4018 .0690
.64 5354 3857 2242 1.388 .0168
.72 .5893 4277 .2479 1.3777 | —.0327
.80 .6392 4670 .2698 1.3688 | —.0797
.88 .6853 .5031 .2901 1.3622 | —.1237
1.00 7478 5516 3174 1.3558 | —.1848
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ratios. If these three fit the observed data then
the other two must also.

We have determined the x values at which to
plot the empirical ratios by making the observed
value of (3P;—3Py)/(*D—3P,) fit the theoretical
curve exactly. A coupling ratio was chosen
inasmuch as near LS coupling it is related to
¢»/F> more directly than the other types; the
triplet splitting essentially measures {, and the
term separations F,. We chose this particular
coupling ratio because the 1D is observed further
along the sequence than is the LS. With this
choice of x the other ratios are seen to fit rather
poorly for 2p?% very well for 3p? and 42, some-
what less well for 5p% For 3p? the discrepancy
in the Landé ratio is of the order of the experi-
mental uncertainty. There is a curious drop in-
the 4p? Landé ratio at Br IV.

The p* configuration

The secular equations for the p* configuration
are immediately obtained from those for p? by
reversing the sign of {,. The ratios of Table II

" and Fig. 3 are similar to those considered for 2

The principal difference occurs in the Landé
ratio which here increases rapidly according to
the equation

Landé ratio=2+4+74x+ 1254 4x2+ - -

and becomes infinite at x= 25 (cf. Fig. 1). For
this reason we have plotted the reciprocal of the
usual Landé ratio. This is positive for x< 24,
negative for x> 23.

TABLE I11. The invariant ratio CPy— C13)/ (2Py—2Dy3) for 3.
(Theoretical value=1.167.)

2p® NORMAL 3p3 NORMAL 4p% NORMAL
N I 1.333 P 1 1.182 Asl 1.161
O 1II 1.320 S II 1.181 Se 11 1.155
F III 1.316 Cl 111 1,182
Ne IV —_ A1V 1.181 5p% normal
Na V 1.295* KV 1.186* Sb I 1,132
Mg VI 1.325* Ca VI 1.20*
Al VII 1.295*  Sc VII 1.195* 6% normal
Si VIII 1.301* Bil 1.093

2% DISPLACEDT 318 DISPLACED

C II 0.82 P III 0.872
N III 0.87
o IV 0.90*
F V 0.93*
Na VII 0.95*

* No intercombinations; doublet-quartet intervals may be in error.

1 Several such displaced configurations are known for p? and p4,
but have not been plotted. The displaced p* seem to show app roximately
the same x values as the normal 2 in the same ion.
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F16. 2. Interval ratios for 2 for x ={,/5F,=1. The plot on the left is an enlargement of part of that
on the right. The curve coordinates are given in Table I.

In this case we have determined x for 2p4,

3p%,  for the Slater ratio is poor but the Landé ratio

and 4p* from the coupling ratio* (*P,—3P,)/ agreement is much better than in 2p?; 3p* is not
(!S—1'D) since many of the intercombinations so good as 3p>—it is poor at both ends of the
are missing. For 2p* the agreement with theory sequence but good in the middle, although the

Landé ratio is predicted remarkably well along

. 4 4
4For C11I, Si VII and Fe XI this ratio is not observed; the whole sequence; 4p* is good. For 5p* the

the x values are interpolated or extrapolated,values.

Slater ratios have unreasonably large values.
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Reasonable x values in this latter case can only
be obtained from the coupling ratio (}Py—3P;)/
(D—3P,); this is seen in Fig. 3 to predict the
Landé ratios very well. One would infer that it
is only the 1S which is badly perturbed but this
is not sensible since any perturbations push the

1S down, and it is high relative to the balance of

the configuration.

The p? configuration

This configuration occupies an exceptional
position because the diagonal elements of its
spin-orbit interaction matrix are all zero in LS
coupling. As a result, the term splitting near
LS coupling is very small, a quadratic function
of x rather than the usual linear one. Because of
the vanishing of the diagonal elements, the traces
of the energy matrices are functions of F alone,
and we can find a ratio which is completely
independent of coupling. Such an invariant ratio
exists only for the configurations p® and p3%. If
we denote by Ci; the centroid of the levels for
which J=34 [C1;=%(2P1;+4SI;+2D1;):], then
2P;'~C1%=7F2; 2P;—2D2;=6F2; and ill any
coupling the ratio of these intervals is predicted
to have the value 7¢. The empirical values found
for this ratio are listed in Table III. It will be
noticed that even where they do not agree with
the theoretical value, the ratios are approxi-

TaBLE IV. Configuration p3: Theoretical interval ratios as a
Sfunction of x.

2P —2D, 2Py —2Py 2Py —2P)
X 2D, —38 P, —2D, 20,3 —2D1}
Q 0.667 0 1.32
0.06 .669 0.00392 1.32
.09 .674 .00911 1.32
12 .678 .01603 1.32
.145 .683 .0230 1.32
.185 .693 .0367 1.34
.20 .697 .0424 1.34
248 718 .0627 1.347
.30 730 .087 1.357
.35 749 113 1.37
.40 770 139 1.40
45 792 167 1.41
.50 .815 194 1.423
.55 .838 222 1.450
.60 862 249 1.473
.65 .884 275 1.495
.70 905 .300 1.522
.75 .928 325 1.545
.80 .947 .350 1.581
.85 965 372 1.613
.90 .983 .395 1.641
95 998 416 1.672
1.00 1.010 437 1.713
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F1G. 4. Interval ratios for p3 for x={,/5F.=1. The curve
coordinates are given in Table IV.

"mately constant along an isoelectronic sequence.

In Fig. 4 we have plotted three interval ratios
as functions of x. The lowest curve is the ratio
of the 2P splitting to the distance between the
center of gravity of the P and 2D terms. This
is analogous to a coupling ratio but starts
quadratically in x according to®

(*Py—2Py)/(*P.—*D.)

=554gx>— 1653569 1ax "+ - -
The middle curve gives the ratio of the 2P
splitting to the 2D splitting. This is therefore a
Landé type ratio. It has the value 3355=1.32

for x=0 and departs from this slowly according
to the relation

(3P —2P,)/(3Day—2Dyy) = 335 5+ 2094 50x 2+ - -.

The top curve gives the Slater ratio between the
tP,—2D, separation and the 2D,—*S separation.
This is 24 in LS coupling and departs from this
value slowly according to the relation

(2P, —2D,)/(*D;—*S) = 25+ 125{ 2x*
—2812583358x + - -,

5 Because of the occurrence of a cubic equation, the
asymptotic forms for the p3 levels are troublesome to
compute. We give here explicitly the series for the energies
(apart from the additive constant 3F,), as functions of
x = ¢p/5F2, measured in terms of Fi:

2D25/F2=— 6,

2Dyy/Fo=— 6—1256 4%+ 71873 g368x + - -,

25;;*;;2: Sxt—  Z58xggaxtt -,
3/ Fa= ,

1S/ Fa=—15— %x*— 6%%0axt+ -,
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TABLE V. Parameter values for normal p* configurations.

2p? X Fa(cm™1) tplcm™1)
C I 0.0032 1694 271
N II 0067 2537 85.0
O III 0120 3354 201
F 1V 10204 3970 405
Na VI .0422 5826 1230
Mg VII 10593 6554 1940
Al VIII .0728 7282 2650
3p?
Si I 0.029 1020 148
P II .044 1430 314
S 1III .062 1790 555
Cl 1V .083 2130 ] 885
AV .108 2470 1330
K VI 137 2800 1920
Ca VII 170 3120 2650
4p2
Ge | 0.184 1000 924
As II .248 1340 1660
Se III 318 1600 2550
Br 1V 395 2050 4050
Sp?
Sn 1 0.510 875 2230
Sb II 661 1120 3700
Te III 815 1320 5370
67
Pb I 1.583 921 7290
Bi II 1.975 1168 11540

It is difficult to obtain accurate x values for
this configuration near LS coupling since all of
these curves are very slowly varying in this
region, and there are certainly perturbations on
the levels which will have a large effect on
the ratios involving the very narrow doublet
splittings. The doublets are predicted to be
normal at all values of x, but in the 2p3 sequence,
the perturbations are larger than the very small
expected separations so that one or both doublets
are narrow but inveried for the first six members
of the sequence. Only for Al VII, Si VIII, and
P IX are they both normal but the Landé
2P-2D splitting ratios are 4.63, 1.08, and 0.53,
respectively, in place of the predicted 1.32. The
Slater ratios, predicted to be 0.667, are: N I,
0.500; O II, 0.509; F III, 0.512; Ne IV, —;
Na V, 0.527;8 Mg VI, 0.528;¢ Al VII, 0.528;¢
Si VIII, 0.530.% It was not possible to obtain x
or {, values for this sequence;’ the F; values of
Fig. 6 are calculated from the 2P,—2D, interval.

For the 3p® sequence the x values were deter-

¢ No intercombinations; doublet-quartet intervals may

be in error.
7 But see note to Table VI.
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mined from the coupling-ratio curve (drawn to
a much larger scale than Fig. 4). The Slater
ratio is very good; the Landé ratio improves
along the sequence. For the known members of
4p% and 5p° the agreement is fair.

Parameter values

The parameters {,, F» (and x) are given in
the theory in the form of integrals over the
wave functions which in most cases have not
been evaluated. As a result their values have
only been obtained empirically by some method
of fitting observed experimental results to theo-
retical curves. Where the theory is not exactly
obeyed, the values obtained depend somewhat
on the method of fitting, but even approximate
values and their general trends when considered
as a function of atomic number should be of
considerable interest. Our values for these
parameters, which appear in Tables V, VI, VII,
have been obtained on the assumption that the
two intervals (numerator and denominator) of
the ratio which we used to obtain the x values

TABLE VI. Parameter values for normal p* configurations.

2p x Faz(cm™) $p(cm™1)
N I 1600* 1
O II 2280*
F 111 2910*
Ne IV 3520*
Na V 4140*
Mg VI 4740*
Al VII 5360*
Si VIII 6020*
P IX 6690*
3p®
P I 0.056 1220 343
S 1II .067 1610 538
Cl II1 .085 1940 825
A1V .108 2270 1230
K V 136 2580 1760
Ca VI .169 2890 2440
Sc VII 210 3190 3340
43
As 1T | 0.240 1210 1450
Se 11 .300 1540 2310
5p°
Sb I 0.598 1080 3230
63
Bi I 2.05 990 10,100
* For 2p3 the F» values were obtained from the observed value of
2P, —2D,. The coefficients of F2 for this separation were obtained trom

estimated x values. These coefficients range from 6.00 for N I to 6.16
for P IX and are so inseunsitive to changes in x that no significant error
can thus have been introduced. -

t Good estimates of these {p values should be obtainable by inter-
polation between 2 and p4 in Fig. 5.
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quence. The straight lines for 2p are plotted with hydrogenic slope. Squares show points which are uncertain because of

poor experimental data. In the case of the last six members
&p was calculated from the difference between the 2P and 2D

of the 3s523p sequence (marked with an asterisk) the value of
splitting in place of the 2P alone. The 2D splitting is not ob-

served but is estimated to be approximately of the size necessary to bring these points up on to the straight line; it has
the value 213 cm™ in Ca VIII, about 14, of the 2P splitting.

(Figs. 2, 3, 4) fit the theory exactly.® These
intervals are known functions of F; and x.-
Since x is known, the observed interval suffices
to determine F; and hence {,.

Corresponding values of ¢, for p, sp, p% and
sp® may also be found. In the p and p® configura-
tions, {,= = 25 the doublet splitting; in sp and
spb, tp=F25(3P2—3P,) for any coupling. Values
of ¥ ¢, are plotted in Fig. 5 against Z. In the
lower stages of ionization for the several se-
quences the curves bend down, but after this
the relation {,=K(Z—S)* is remarkably well
obeyed as is shown by the straight solid lines.
Values of S may, of course, be found from
the intercepts of the straight lines with the
Z axis. The hydrogenic ¢ are given by the

8 Compare with the legend of Fig. 1.

(I WY T .
32 3334 35 .36
Ge As Se Br Kr

oo T S
50 5/ .52 53 54
Sn Sb Te | X
111 11 1 I T I A T

|1

6 7 8 9 I0 Il 12 /13 /4 I5 16 I7 18 19 20 2l 22-23 24 25 26

C N OF NeNaMgAl Si P S Cl A K CaScTi V CrhMnFe
Fi16. 6. The electrostatic interaction parameter F; in

cm™, The straight lines for 2p?, 3%, 33, 3p* are drawn

with hydrogenic slope.
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well-known formula

5.822 74
pll=————C
I I+

-1

Thus

V$2p=0.702Z ecm™; 3 §3,=0.518 Z cm 4.

The straight lines drawn through the 2p points
have just the hydrogenic slope 0.702. The 3p
points are not well represented by lines of slope
0.518. The slope chosen is 0.550. This corre-
sponds to #*=2.86 in place of #=3 in the
hydrogenic formula. The data are as yet in-
sufficient to decide whether the curves become
linear at high ionization for 4p and 5p.

The hydrogenic values of F; on the other
hand, are linear in Z, so in Fig. 6 we plot F;
directly against Z; the points lie fairly well on
the indicated straight lines. It will be noticed that
the screening constants corresponding to these
lines are much larger than those found in Fig. 5.
This may crudely be explained by the fact that
¢p is essentially the average value of 1/73 and so
depends very strongly on the fields near the

TasLE VII. Parameter values for normal p* configurations.

2pt X Fa(cm™1) {plem™1)
O 1 0.015 1990 150
F 11 .025 2670 330
Ne 111 .036 3320 600
Na IV .053 3960 1050
Mg V. .075 4590 1720
Al VI .100 5230 2620
Si VII .129* 5870* 3840*
P VIII .166 6480 5370
Cl X 262 7600 9950
3pt
S 1 0.071 1090 386
Cl II .087* 1540* 670*
A III .108 1980 1070
K 1V 134 2370 1590
Ca V 164 2770 2270
Sc VI .202 3070 3100
Ti VII .247 3370 4160
VvV  VIII .290 3670 5320
Cr IX 350 3980 6950
Mn X 413 4240 8760
Fe XI .484* 4510* 10,910*
4pt
Se 1 0.238 1410. 1821
Kr 111 402 1980 3980
S5pt
Te 1 0.682 1160 3970
I 1 844 1360 5760
Xe 111 1.014 1530 7780

* From interpolated or extrapolated x values,
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nucleus, where the screening is small. (Note
that the ¢, screening factors increase by only
about 14 for the addition of each 2s or 2p
electron.) The contributions to F, are more
uniformly distributed over the whole wave
function. The hydrogenic values are Fy(2p, 2p)
=770Z cm™; Fy(3p, 3p) =320 Z cm~!. The curves
for 2p%, 3%, 3p% 3p* are drawn with hydrogenic
slopes !

Inasmuch as x is proportional to the ratio
¢»/F2 one would expect x to vary as (Z—S)3.
This it does to a very good approximation.
Because of the difference between the screening
constant for ¢, and the screening constant for F,
there is some tendency for the curves of ¥ x vs. Z
to bend upward at low stages of ionization.
Such an argument will perhaps account for the
anomalous behavior of the ratio £¢,/Gi(s, p) in
the sequence Ne I, Na II, Mg III (2p3s) and
A1, K II, Ca III (3p4s) as shown in C-S, page
304. The ratio appears first to decrease and then
to increase. The K II value shows also the
effects of a perturbation from the configuration
3p3d with which it is completely mixed up.

Prediction of unknown levels

Figures 2, 3, and 4 show that the deviations of
the experimental ratios from the theoretical
curves are sufficiently regular that unknown
interval ratios may be predicted by interpolation
or extrapolation on the curves through the
empirical points. Furthermore, the approximate
linear variation of vx, ¥ ¢ and F, with Z

‘may be used to predict unknown parameter

values, where needed.

At the time that Fig. 3 was drawn the low
states of Sc VI were unknown, but have since
been published. As a typical example of the
accuracy to be expected in interpolation, the
following calculation was made (without recourse
to the data) for this ion. The +x vs. Z was
first plotted for the 3p* sequence. The curve
was smooth and gave the result x=(0.588)3
=0.203. The following ratios were read immedi-
ately from the dashed curves of Fig. 3:

(3P,—3P,) /(1S,— 3P,) =0.071,
(3P, —3P,) /(1S—1D,) = 0.121,
(3P, —3P,) /(1D —3P,) =0.170,
(3Py—3Py) /(3P — 3 P,) = 0.330.
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Now near LS coupling any Landé interval such
as 3P, —3P, will vary approximately as (Z—.S)*
along an isoelectronic sequence. We may therefore
interpolate, numerically or graphically, in the
table of (3P,—3Ps)i to find for Sc VI, 3P;—3P,
=(7.607)*=3350. Knowing this one value the
other intervals follow at once. The results are
listed in Table VIII. It will be noticed that the
accuracy obtainable is about that which one
would obtain by using the irregular-doublet
law. In cases where predictions by means of the
latter are precarious (as for example in interpola-
tion between the first and third members of the
sequence), the method here outlined may well
give valuable information about the trend of
the first difference.

Two other predictions made in this manner
have allowed plausible classifications of hitherto
unknown levels. These predictions are marked
by means of an asterisk in Figs. 2 and 3. In
these cases x was known from the other levels.
In the case of K IV 3p* the 1S was unknown.
From Fig. 3 the ratio (3P;—3P;)/(1S—3P;) was
predicted to be 0.0450. This predicts the un-
known term at 37,160 cm~!; two combinations
have been found which locate the term at
37,778 cm™L. In the case of Ca VII both the 1S
and D were unknown. The D was predicted
at 21,910 cm™! and found at 21,872 cm™.. Lines
giving the 1S term could not be identified. The
newly classified lines are listed in the following
paper in this issue of the Physical Review.

Remarks on other configurations

The sp? configuration.—As mentioned previ-
ously, there exists for this configuration a ratio
which is independent of the coupling. If 2.
denotes the centroid of the levels of J=2
[2:=%1(D3;+3D,+3P;+5S,) ] and 1. denotes the
centroid of the levels of J=1 [1,=1(D,43P;
+1P;+43S5)], the ratio

16(°Po)+-4(1.) —20(2.)
3Po—3D;

That this relation holds fairly well may be seen
from Table IX. Other relations may be expected
to hold near LS coupling, e.g.

1P—3P,=1D—3D,=1(3S—5S). (C-S page 199.)°

9 In this reference, the 3S, 5S formula should read +1,
—3G, in place of the coefficients given.

=19.
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TaBLE VIII. Observed and estimated intervals for Sc VI 3pt.

ESTIMATED
EsTiMATED (irregular-doublet

INTERVAL (this method) OBSERVED law)
3P —3P, 3350 cm™! 3350 cm™
3P, —3P, 1110 1126

1D—3P, 21,300 21,397 21,330 cm ™!
1S—3P, 48,800 49,238 49,180
1S0—1D. 27,700 27,841 27,870

TaBLE IX. The invariant ratio [16(3Po)+4(1)—20(2.)]/
(3Po—3Dy) for spd. (Theoretical value=19.)

ELEMENT CONFIGURATION RaTIO
N 1I 2528 18.21
o 1I — 17.94
F IV — 17.88
Na VI — 18.32*
Mg VII — 18.50*
Al VIII — 18.56*
01 2p93s 21.351
F II — 20.27
P II 3s3p* 19.4*
S 1 3ptas 19.20
Se I 4p35s 19.09
Kr 111 — 16.951
Xe III 5p%0s 17.55%

* In these cases certain intercombinations are not accurately known.
1 Partial overlapping with the p3d configuration.

TaBLE X. Intervals in sp? configurations. (Theory predicts
that these should be equal in LS coupling.)

1P —3p, 1D —3D, 1(3S —s8)
01 2005 1526 1513
FII —2324* 3189 3106
N II 57,547 51,943 54,231
O III 68,075 67,008 68,596
F IV 82,148 81,039 81,896
S1 1124 1407 1354
P II 26,011 12,4621 28,902

* Interaction between spb 1 and p33s1P. .
1 The $3 terms in P 111 are very irregular. There is also some inter-
action between sp3 and s2pd terms.

The empirical values are listed in Table X.

The pp configuration.—Early attempts to
classify terms of this configuration in the first
period led to erroneous term designations. As a
result the relation!® R=(S,,— D)/ (Dm— Pm) = 3%
which was predicted for the LS coupling case
was thought to be entirely disobeyed (C-S, page
200). Recent revisions of these spectra show that
the terms really lie in the right order to make
this ratio positive; for C I, R=1.13; N II,
R=1.135; O III, R=9.3. In the second period

10 The subscript »» denotes the mean of the singlet and the
centroid of the triplet; e.g. Dw=3%(D+3D,).
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Si I and P II give ratios which are negative
because of the anomalous position of the P
term. In the third period the term order is
correct: for As II, R=1.20. Ge I and Se III are

not complete,

Sources of data

We present here a working bibliography which
lists the sources of information on all ions
having only s and p electrons in the normal
configuration. In many cases the key paper only
is given as usually previous data are therein
listed.- We have attempted to list also those
papers which give supplementary data (usually
by interpolation along an isoelectronic sequence)
concerning a few terms in the spectra of other
ions than those listed in the title. In several
cases where more than one person has worked
upon a single spectrum simultaneously we have
only listed what appears to us on careful scrutiny
to be the most reliable. Our choice has usually
depended on further information which has
appeared since the original publication and in
no sense is to be construed as indicating that the
efforts of a particular author are in general
untrustworthy. In this list the roman numerals
refer to the spectrum ; the arabic to the reference.

This paper was completed while one of the
writers (G. H. S.) was the guest of the physics
department of Princeton University. He wishes
to thank the members of this faculty for their
generous hospitality.
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