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Measurements of the spectrum of doubly ionized praseodymium from 821 to 2103 A are given.
One hundred fifty-three energy levels deduced from these wavelengths and an earlier line-list of longer
wavelengths are presented. These levels are identified with the configurations 4f%6s, 4f*7s, 4f*8s,
4f26p, 4f26d, 4f*5f, 5d24f, and 4f5d6s and are given term designations. Radial energy integrals belong-
ing to these configurations are parametrically deduced from the known levels.

A value of 21.625 eV (174420 ¢cm~') for the ionization energy of Pr i1, with an estimated uncertainty
0f0.016 eV (130 cm™), is derived from the 4f%ns series (n=16,7, 8).
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1. Introduction

The analysis of Prir in the wavelength range from
2025 to 10716 A [1,2]! revealed nearly completely
the energy level structure of the four low-lying con-
figurations 4f3, 4f25d, 4f26s, and 4f?6p, and some
levels of 5d24f and 4f26d. I have extended the observa-
tions to shorter wavelengths and measured 2948 lines
in the range from 821 to 2103 A. These new data have
led to a considerable increase in the number of known
levels of the 5d24f configuration and to the discovery
of levels belonging to the 4f5d6s, 4/25f, and 4f28s
configurations. In addition, a reexamination of the
old line-list yielded more levels of the configurations
4f26s, 4f26d, and 4f27s. In all, 153 energy levels
of Prii1 have been newly established.

The configurations to which they belong were treated
theoretically for the purpose of determining para-
metrically the radial energy integrals and of calculat-
ing the level positions and eigenvectors. These cal-
culations helped to confirm the experimental results
and to locate unknown levels, as well as to provide an
interpretation of the configurations in the most ap-
propriate coupling schemes.

Of particular interest are the mutually interacting
odd configurations 4f26p, 5d24f, and 4f5d6s, which
were treated as one complex. Many levels are strongly
perturbed and were found to contain large percentages
of terms of several configurations. In the 5d*4f con-
figuration the addition of an “effective” two-body
configuration interaction parameter for nonequivalent

! Figures in brackets indicate the literature references at the end of this paper.

electrons decreased the rms error of the calculation
by 25 percent.

The ionization energy of Priil was calculated in
ref. 2 by means of tentatively identified 4f%6d levels
to form a 4f2(*H)nd (n=5, 6) series. The new analysis
provides the 4 f2(3H)ns series (n= 6, 7, 8) with which to
determine a more reliable value.

Three levels given in reference 2 which were found
to be poorly substantiated and have now been dis-
carded are listed below:

Rejected levels J Config. New levels
45848.37 cm™! 23 465 45807.16 cm™!
68676.55 cm™! 23 4f%p

79378.43 cm™! 23 4f%6p 79366.69 cm™!

2. Observations

For the most part, the procedure outlined in refer-
ence 2 for obtaining the spectrum Primm has been
followed. The sliding spark was operated at peak cur-
rents of 50 and 500 A to enhance the third and fourth
spectra selectively. I departed from the earlier method
of producing the second spectrum by means of an arc.
Instead a 6 A sliding spark was used which gave a
more clear-cut distinction between second and third
spectra when compared with the 50 A spark, as well as
sharper lines. This technique has already been used
in the classification of Ce 111 [3].

The new extension of the observations of Pr 111 to
shorter wavelengths was made with a 10.3 m Eagle
vacuum spectrograph, utilizing a grating of 1200
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grooves/mm blazed at 1200 A. The first order of dif-
fraction was photographed, giving a reciprocal dis-
persion of 0.78 A/mm. One half to 2 hr exposures were
required to record the spectrum of the spark, operat-
ing at a repetition rate of 15 sparks per second. Cali-
bration spectra of C, N. O, Ar, Si, Ge, and Cu[4, 5,6,
7, 8] were obtained from pulsed rf-excited electrodeless
lamps and hollow cathode discharges.

Two to five measurements of the lines in the 50 A
spark were made, the number depending on the recur-
rence of a line on progressively weaker exposures.
From the variation of wavelengths obtained with dif-
ferent exposures the accuracy of the final values is
estimated to be +0.004 A. Systematic shifts between
the various sets of measurements were removed by
standardizing on wavelengths of internal impurities of
C, N, O, and Si.

The new measurements overlap the previous list [1]
in the region from 2000 to 2103 A and considerably
augment it, thus indicating that stronger exposures
may be needed beyond this overlap. Lines of intensity
designated as 1 in the old list are usually assigned 200
in the new list, and the other common lines are cor-
respondingly stronger.

A complete tabulation of the newly observed lines
appears in table X. The wavelengths given in the first
column are the values in vacuum. Following this are
the visually estimated intensities with the following
descriptive notations:

cl= measurement affected by a close neighboring line,
bl= a blend of two or more lines,

h=hazy,

w= wide.

Under ‘“‘classification” appear the two energy levels
from which the line originates, followed by a subscript
J-value, and where appropriate a superscript degree
mark representing odd parity. Double classifications
of lines are given without repeating the wavelength.

In table I, newly classified lines from the longer
wavelength list of reference 1 are given. Among these
are lines having hfs, for which the following additional
notations in the intensity column appear:

*r= strongest component of flag pattern shaded to red,
*v=strongest component of flag pattern shaded to
violet,

TABLE 1.  Newly classified lines of Pr 111, A > 21034

Aajr Intensity a Classification Aair Intensity o Classification
(em~1) (em™!)

4650.609 9* v 21496.54 13887°72 — 35384 52 3011.282 20* v 33198.77 50227 5, — 83426%),
4334.697 9w 23063.18 11761°%; — 34825 72 3006.469 60 * r 33251.92 38726 7/ — 719787,
3607.068 4* r 27715.46 52026 32 — 79742°2 3004.002 10* r 33279.22 52026 32 — 85306
3577.336 8*v 27945.80 33659 52 — 6160572 3002.106 2 33300.24 38694 5, — 71994%),
3567.897 151 28019.71 50869 2 — 78889°, 29082.236 9*r 33522.11 45844 5 — 79366°)2
3565.845 9*%v 28035.78 50658 13— 78694°,/2 2980.583 5% i 33540.70 50869 12 — 84409°;
3564.405 30*r 28047.13 50647 12— 78694°y,)2 2978.907 9*y 33559.57 45807 5/ — 793665/
3510.532 20* v 28477.56 50658 13— 79136°13/2 2976.347 40* v 33588.43 45807 52 — 793952
3509.142 B3 28488.86 50647 11/2— 79136132 2963.032 2 33739.36 36642 13— 70381°132
3462.700 1*r 28870.93 52026 32 — 80897°32

3462.432 1157 7 28873.16 50869 12 — 79742°), 2940.896 7*v 33993.30 51312 5, — 8530652
3412.607 e i 29294.71 50869 12 — 80164°3, 2933.827 1 34075.21 37919 7 — 71994%),
3402.969 50* r 29377.68 52026 32 — 81404%)> 2930.192 50* v 34117.48 35291 g2 — 69408°1y2
3379.131 50* v 29584.91 51312 5, — 80897%, 2924.661 2%y 34181.99 50227 3/ — 84409°3);
3377.141 100* v 29602.34 45807 52 — 75409, 2910.612 70* v 34346.98 28885 g2 — 63232°,
3367.350 200 * v 20688.42 35291 g2 — 64979%2 2890.842 2 34581.86 39024 42 — 73606%)2
3359.973 3*v 29753.59 45807 52 — 75560°)2 2885.001 O 7 34651.87 38726 7o — 7337872
3358.083 30*r 29770.34 45844 33 — 75614%), 2876.229 1 34757.55 69138°%; —103895 7/
3353.866 50* v 29807.77 45807 5 — 75614%)2 2857.700 4 34982.90 37011 55 — 71994°5,
3322.203 6*v 30091.85 51312 52 — 81404%), 2851.486 6*r 35059.13 33466 11/2— 68525112
3161.330 T*r 31623.10 50869 12 — 82492, 2838.461 U i 35220.00 35801 7/ — 71021%.
3147.878 9%y 31758.23 35291 g2 — 67049°; 2827.668 3 35354.43 36640 72 — 71994%);
3122.646 T*v 32014.84 45807 52 — 77821%), 2819.342 % 35458.83 37919 72 — 7337872
3108.884 iatar 32156.56 50869 12 — 830252 2812.509 9*yp 35544.98 32760 13/2— 68305°15/2
3098.474 3*y 32264.59 50227 35 — 82492°%, 2803.090 3 35664.41 48745 5, — 84409°3),
3087.175 15 g 32382.56 52026 32 — 84409°2 2797.924 160 35730.25 659352 —101665 52
3061.277 9*yp 32656.61 45807 52 — 784632 2784.154 1 35906.96 39732 1172— 75640%1y/2
3039.680 7 32888.63 45805 g2 — 78694 ;)2 2776.318 4 36008.30 48401 32 — 84409°32
3036.913 8 32918.59 44903 5, — 77822, 2774.708 4 36029.19 39732 11— 75762%)2
3018.701 20* v 33117.19 51312 5, — 8443072 2766.880 3 36131.12 35863 32 — 71994%)2
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TABLE . Newly classified lines of Pr 111, A > 21034 — Continued

N air Intensity o Classification Aair Intensity o Classification
(cm~1) (em1)
2741.262 1 36468.76 66148°13/:—102617 112 2564.509 4 38982.14 65922°11/,—104904 142
2734.368 8 36560.70 48745 52 — 85306°s)2 2563.474 6 38997.87 36642 13— 75640112
2732.952 1 36579.64 68987°72 —105566 /2 2561.773 6 39023.77 63593%/2 —102617 142
2720.409 1 36748.29 66735°132—103484 15, 2559.865 1 39052.85 68801°7> —107854 o2
2712.384 2 36857.01 35137 32 — 71994%), 2559.277 2 39061.82 637687/ —102830 /2
2707.422 % 36924.56 68525°11/2—105450 11/2 2558.675 5 39071.01 617175, —100788 72
2706.611 5 36935.62 36670 112— 73606°2 2558.537 4 39073.12 613572 —100430 o2
2704.403 1 36965.78 36640 72 — 73606°2 2557.323 3 39091.67 36670 11— 75762%)2
2699.300 B9 37035.65 38726 72 — 75762, 2556.813 4 39099.46 64235%> —103335 972
2687.981 6*v 37191.60 38448 g, — 75640°11/2 25551353 7 39121.80 62558°11/2—101680 13/2
2687.506 1 37198.17 63232%); —100430 9/2 2554.979 1 39127.53 38694 5/, — 77822%),
2686.455 3 37212.73 6357652 —100788 72 2549.531 1 39211.13 67870°%, —107081 /2
2673.055 5 37399.26 65909%/> —103308 7/2 2545.790 9 39268.75 64215°15—103484 152
2666.218 2 37495.16 63576%)2 —101071 5 || 2543.644 1 39301.88 66148°13/:—105450 12
2663.415 3 37534.62 652957, —102830 /2 2541.080 8 39341.53 61605°7/2 —100947 o2
2650.675 1 37715.01 63232°7/2 —100947 o2 2540.311 7 39353.44 61717°5;2 —101071 52
2647.019 1 37767.10 68978%/; —106745 52 2539.759 5 39361.99 684927/, —107854 o/2
2640.290 4 37863.35 68801°7/2 —106665 7/2 2537.099 2 39403.26 39732 11— 79136°132
2634.707 5 37943.58 691382 —107081 g2 2536.648 7 39410.26 39725 15— 79136°132
2629.918 1 38012.66 6529572 —103308 7/2 2534.759 9 39439.63 62240°11/2—101680 13/
2626.210 2 38066.33 62558°11/2—100625 11/2 2531.925 7 39483.77 66148°15:—105632 13/
2626.016 1 38069.14 686762 —106745 52 2530.464 9 39506.57 44903 5/, — 84409°3,
2624.624 1 38089.33 63576%); —101665 52 2529.726 4 39518.09 63816°112—103335 o2
2622.448 5 38120.94 68544°9, —106665 72 2529.430 2 39522.72 68331%/2 —107854 o/2
2619.706 3 38160.83 69138°%2 —107299 7/» 2529.110 9 39527.72 65922°11/2—105450 112
2619.162 1 38168.76 66735°13/2—104904 /2 2528.330 2 39539.91 637687/ —103308 72
2618.891 2 38172.71 68492°7/, —106665 7/2 2526.636 1 39566.42 6376872 —103335 g2
2617.740 3 38189.49 6224012100430 ¢/2 2525.123 8 39590.12 61357°92 —100947 o2
2616.047 1 38214.21 63232°72 —101446 72 2521.677 1 39644.22 65922°11/2—105566 o/2
625352 —100788 7/2 2521.021 7 39654.54 64150°1/2—103805 13/2
2613.377 3 38253.24 684927, —106745 512
2520.662 2 39660.18 642352 —103895 72
2611.527 1 38280.34 68801°72 —107081 o/» 2518515 8 39709.76 65922°11/2—105632 13/2
2610.351 8 38297.59 66301°15/2—104598 ,3/2 2516.337 1 39728.35 61717/, —101446 7/2
2606.515 5 38353.95 35024 7, — 73378%2 || 2515.487 7 39741.77 63593"/2 —103335 g2
2604.457 3 38384.25 62240°1,/2—100625 11/2 2509.243 7 39840.66 6160572 —101446 7/,
2603.320 2 38401.01 67049°%, —105450 11/2 2505.358 1 39902.44 37919 7/, — 77822%),
2603.263 1 38401.86 64215°13/2—102617 1y/2 2503.391 5 39933.78 35828 g2 — 75762%,
2602.446 2 38413.91 683312 —106745 52 2502.526 5 39947.59 617172 —101665 5/2
2602.224 1 38417.19 37197 32 — 75614%), 2499.968 10 39988.46 63816°11/2—103805 13/
2599.960 1 38450.64 66148°13/2—104598 ,3/5 2499.686 6 39992.97 38701 132— 78694°112
2595.448 1 38517.48 67049°2 —105566 g2 2498.297 1 40015.20 68544°> —108559 11/2
2592.832 5 38556.34 68525°11/2—107081 /2 2497.143 2 40033.69 68525°11/2—108559 112
2592.424 2 38562.40 62062°; —100625 11/2 2495.584 2 40058.70 67240%2 —107299 /2
2590.248 3 38594.80 64235°%2 —102830 o2 2495.508 10 40059.92 61605%/2 —101665 52
2589.900 4 38599.98 65295°7/2 —103895 72 2493.685 6 40089.20 61357°2 —101446 7>
2584.766 3 38676.65 65922°11/—104598 13/2 2491.326 6 40127.16 637682 —103895 7/2
2582.712 1 38707.40 68374%; —107081 o/ 2487.750 6 40184.84 68374%2 —108559 11/2
2577.866 2 38780.16 67965%2 —106745 52 2482.577 1 40268.57 605202 —100788 72
2576.922 3 38794.37 67870%2 —106665 7/2 2480.487 9 40302.49 63593%2 —103895 7/2
2576.109 1 38806.61 68492°7, —107299 7, 2475.946 1 40376.40 62240°1,/—102617 142
2574917 ¢ 38824.58 61605°7/; —100430 o/2 2474.320 1 40402.94 44903 52 — 853062
2572.074 1 38867.49 68987772 —107854 /2 2472.376 5) 40434.70 38701 13— 79136°13/2
2570.170 4 38896.28 66735°13/2—105632 13/2 2469.796 1 40476.94 35137 32 — 75614%),
2565.796 1 38962.58 36652 52 — 75614°5)2 2465.272 2 40551.21 6052072 —101071 52
2565.346 1 38969.42 36670 115— 75640112 2462.895 10 40590.35 35024 72 — 75614% ),
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TABLE I. Newly classified lines of Pr 111, A >21034— Continued

Nair Intensity o Classification Nair Intensity o Classification
(cm‘ 1) (em™1)

2460.719 10 40626.24 44679 7, — 85306°5)2 2320.906 2 43073.39 62558°11:—105632 13/2
2451.381 2 40780.98 60166°y; —100947 o2 2317.199 9 43142.29 60166°y2 —103308 72
2449.908 4 40805.50 62678°132—103484 152 2315.774 2 43168.84 60166°2 —103335 o/2
2449.636 1 40810.03 37011 5o — 7782252 2310.248 3 43272.09 58174% —101446 72
2442.697 1 40925.95 60520°72 —101446 7/ 2309.386 1 43288.24 58158°7/2 —101446 7,
2432.678 7 41094.49 34520 52 — 7561452 2308.670 5 43301.66 34520 52 — 77822°%)2
2431.260 8 41118.46 29263 135— 70381° 3/, 2307.384 6 43325.79 62240°,/5,—105566 /2
2423.700 3 41246.71 62558°11/2—103805 13/2 2307.277 2 43327.80 40098 52 — 83426°52
2422.883 6 41260.61 60419°11/2—101680 132 2304.201 6 43385.64 60419°;,:—103805 13/
2416.527 1 41369.13 6529572 —106665 7/2 2303.121 7 43405.98 41023 72 — 84430°7;
2384.757 5 41920.21 62678°13/2—104598 13/, 2296.541 2 43530.34 6376872 —107299 75
2382.979 3 41951.49 61357%2 —103308 72 2295.856 4 43543.32 29835 g2 — 73378%2
2382.588 6 41958.37 35863 32 — 7782252 2287.502 2 43702.33 64857%2 —108559 11/2
2380.051 4 42003.09 65295%2 —107299 72 2261.530 6 44204.17 40205 32 — 84409°3,
2378.867 6 42024.00 36670 15— 78694°11/2 2257.546 4 44282.17 41023 772 — 85306°)2
2369.081 10 42197.57 60419°11/2—102617 11/ 2257.342 Sw 44286.18 26095 11/5— 70381°3/2
2367.497 3 42225.80 62678°135—104904 /2 2251.445 8 44402.16 25979 15/5— 70381°%3/2
2365.796 8 42256.16 58174%2 —100430 o/2 2243.485 lw 44559.69 39870 o2 — 84430°72
2360.786 5 42345.83 62558°11/2—104904 1/, 2238.560 6 44657.71 28720 o/ — 73378%2
2357.627 3 42402.56 41023 72 — 834262 2227.201 ) 44885.45 28720 g2 — 73606%2
2357.176 3 42410.67 60419°11/2—102830 o/2 2211.332 1 45207.52 40098 52 — 85306%/2
2354.942 6 42450.90 58174%2 —100625 112 2208.939 6 45256.49 30505 y1/5— 75762%)2
2354.128 2 42465.58 36670 12— 79136°13/2 2201.678 Tw 45405.73 39024 oo — 84430%2
2353.942 6 42450.90 601662 —102617 112 2196.775 7 45507.06 37919 7/ — 83426%2
2345.001 4 42630.85 581582 —100788 7/2 2176.676 3 45927.22 29835 g2 — 75762%2
2337.295 2 42771.39 62678°13/5—105450 11/2 2162.611 2 46225.88 27380 11/2— 73606%2
2335.873 6 42797.43 35024 72 — 7782252 2155.562 5 46377.03 29263 13/5— 75640°11/2
2332.129 1 42866.12 35828 g2 — 78694°112 2148.203 1 46535.89 23442 11— 69978°% ),
2330.393 6 42898.06 64401°52 —107299 72 2135.942 2 46802.99 23175 13— 69978°1 )2
2329.568 7 42913.25 581582 —101071 5/2
2329.456 2 42915.31 60419°11/2—103335 o/2
2325.016 2 42997.26 64857°2 —107854 g2
2324.807 1 43001.12 27380 11/2— 7038132
2324.438 7 43007.95 62558°11/2—105566 o/2
23215717 5 43058.35 28936 32 — 71994°5/2

3. New Energy Levels

The techniques for using electronic computers in
the search for energy levels are now well-known. The
method [9] by which the line-list is added to (or
subtracted from) the known levels to obtain statis-
tically significant numbers of repeating sums (or dif-
ferences) was used here. The selection of real levels is
based on the probability of the occurrence of a chain
of repeating sums of a particular length and tolerance
as well as the line intensity distribution in the chain.
This method yields many energy levels, but there
always remain a certain number which make few
combinations (particularly levels of high J-value) and
which must be sought by intensity criteria alone

336

according to the appropriate selection rules, and pre-
dicted positions.

Most of the observed lines of Prii1 with moderate to
strong intensity in the vacuum ultraviolet range are
due to transitions to the 4f25d configuration. The high-
est density of lines occurs between 1000 and 1200 A,
the main region of the 4 f25d—4 f25 f transition array.
This is analogous to Ce 111 where the same region con-
tained the 4f5d—A4f5f array [3]. In both cases, the
array is well isolated and easily accessible, so that a
thorough description of it can be obtained. With these
lines 74 levels of the 4f25f configuration were found.

Designations in LS-coupling were assigned to these
levels on the basis of relative line intensities. Although
final designations are given in the Ji/ scheme in



table II, the experimentally derived LS names were
important in relating the theoretical calculation of this
configuration to the observed levels. The calculated
LS composition, while showing less purity than J,/,
gave single designations for many levels exceeding 50
percent. The largest LS component for each level has
been included in table VI.

A second region of high line-density appears from
the beginning of table X to about 1800 A. This is the
short wavelength end of the 4f25d—(4f26p + 5d24f)
transition array, which extends to about 2700 A.
Many of these lines were classified with the previously
known levels. The tail of this array reaches to much
shorter wavelengths due to the high-lying levels of
5d*4f.

An extension of the high-level structure of even
parity was made by using the longer wavelength line-
list of reference 1. By combining these lines with the
4f%6p levels, more levels in the region of the pre-
viously identified 4/26d group were found. Calculations
of the structure of the configurations 4f%6d and 4/*7s
provided the means to distinguish the latter configura-
tion from among these levels.

Several low levels of the 4/?8s configuration were
found by adding the vacuum ultraviolet lines to the
4f%6p levels. They were identified by their predicted
location (compared with Ce1i1, 4f8s), by their strong
combinations with particular core terms of 4/26p,
and by reasonable fitted values of the parameters
G3(fs), L(4f) and E3(f?).

A detailed investigation of the hfs of the 4 f26s con-
figuration has been carried out by J. Reader and
J. Sugar [10]. A by-product of this work was the
discovery of the pair of levels based on the 4f2(3P,)
parent and the replacement of the level (4f2(1Ds),
6s, 5/2).

The newly derived energy levels of Priir are given
in table II. Their designations result from calcula-
tions of the configurations in the purest coupling
schemes, with radial parameters obtained by least
squares fitting of linear energy formulas to the ob-
served energy levels [11]. The results of these calcu-
lations are given in the sections which follow.

Designations of levels of the 4f25f, 5d?4f, and
4f5d6s configurations in the LS-coupling scheme were
made on the basis of relative strengths of the combina-
tions with the 4/25d terms. Later calculations of
energy levels in this coupling scheme substantiated
these assignments where the purity of the eigenvectors
indicated a major LS component for a level. The suc-
cessful correlation of observed and calculated energy
levels was largely due to these experimental LS
assignments.

The 4f26d, 4f*7s, and 4f28s levels were desig-
nated in Jyj-coupling according to the intensities
of combinations with levels of 4f26p. In these transi-
tion arrays the selection rules AL,=0, AS;=0, and
AJi=0 on parent levels are strongly obeyed. The
Jifcoupling designations given in table II for these
configurations and for 4f26s and 4/26p contain the 4f2
core level and the j-value of the outer electron.

TABLE II. New energy levels of Prii1

Configuration Designation J Energy/hc (cm 1)
4f26s ("D2)1/2 2% 245807.1
BPy)1/2 03 50869.3
(GP,)1/2 24 51312.8
(Py)1/2 13 52026.9
5d%4f (3F)I° 5% 68238.12
(BF)1° 73 68305.1
('DyH? 3 69408.51
(BP)Ge° o3 69681.6
(BF)3G° 5% 69978.08
(BF)I° 63 70381.48
(PyG® 4% 71021.1
(P)G° 4 71385.6
(PpRD° 3 71501.0
(*DyeD° 24 71994.81
(1GRH® 3 73029.9
(1GRGe 34 73378.42
('DRG° 3 73606.17
(3P)yG° 3 73609.1
(3P)tD° 23 74105.2
(3P)F° 13 74463.7
(3P)F° 5 75294.0
4f26p (1Dy)1/2 2% 75614.81
5d24f (FPH® 3 75640.00
(1GRGe 4% 75762.23
(3F)2D° 3 76892.4
(1G)F° 3 77822.00
(1G)F° 3% 78463.6
(1GRI° 5% 78694.57
(1GRI° 6% 79136.23
4f*6p (1D,)3/2° 2F 79366.65
S5d*4f (1GeD° 13 82492.4
4f26p (@Py)3/2° 23 83426.55
(3Py)3/2° 13 84409.93
(BP,)3/2° 33 84430.98
(3P,)3/2° 24 85306.10
4f5d6s (BGHGe 33 87511.6
(BGyGe 43 88220.2
(B3F)*F° 43 88948.6
(BGHGe 53 90119.8
(3H)2H° 44 90629.2
(BGRG° 3% 92441.7
5d24f (1S)2F° 23 92554.8
4f5d6s (3H)2H° 5% 93296.5
5d24f (1SF° 33 93967.4
4f5d6s (3GRGe 43 95147.9
(1F)2F° 3% 96830.5
4126d (3H4)3/2 43 100430.29
(3H4)3/2 53 100625.04.
(3H4)3/2 33 100788.95
(3H4)5/2 43 100947.18
(3H4)3/2 24 101071.43
(3H4)5/2 3% 101446.27
(3H4)5/2 23 101665.58
(3H4)5/2 63 101680.38
(3H5)3/2 53 102617.24
(3H5)3/2 43 102830.43
(3H5)3/2 34 103308.53
(3H5)5/2 43 103335.06
(3H5)5/2 7 103484.19
(3H5)5/2 63 103805.38
(3H5)5/2 34 103895.83
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TABLE II. New energy levels of Pr 111— Continued

TABLE II. New energy levels of Pri11— Continued

Configuration Designation J Energy/hc (cm-1)  Configuration Designation J Energy/hc (cm-1)
4f27s (*He)1/2 6% 104598.99 7]° 6% 118610.9
[5]° 54 118879.3
4f26d (®He)3/2 53 104904.55 (1Gy) 6 ° 6% 120498.7
(*He)5/2 5% 105450.18 [5]° 54 121095.2
(3He)3/2 4 105566.62 [7]° 7 121419.2
(3He)5/2 63 105632.16 [5]° 43 121382.6
[7]° 6} 121431.2
41275 (3F3)1/2 1 106665.07 [6]° 5% 121532.5
(3F3)1/2 3 106745.65 (Dy)[1]° 13 128214.2
(3F4)1/2 43 107081.94 [5]° 4% 128352.8
BIF 5% 128381.6
4126d (°F3)3/2 33 107299.07 [4]° 3% 128453.2
(3F4)3/2 43 107854.46 [4]° 4% 128568.6
(3F4)5/2 5% 108559.40 (1)[97° 8t 133194.3
[9]° 9 133242.3
4f25f (3Hy)[6]° 5% 110295.1 [8]° 3 133352.2
4]° 3 110333.5 [8]° 8% 133373.0
71° 63 110530.9
5]° 3 110881.1 4f*8s (3H4)1/2 4% 129106.1
4]° 4% 110922.5 (3H5)1/2 5} 131200.3
[6]° 63 111110.3 (*H;)1/2 44 131226.3
[2]° 13 111268.7 (®Hg)1/2 3 133393.2
[7]° 73 111335.1 (®Hg)1/2 5% 133503.9
- | 8| s
2 '* 4 2 .
5]° 43 111993.0
CH)[5]° 54 1126432
) 71° 61 112769.7 2 Level values are given to two decimal places when decived from wavelengths > 2100 A
:7 ° 72 1128963 having no hfs.
8] 8} 113023.5 4. Theoretical Interpretation of the
5 43 113158.8 o .
[4]° 3} 113291 8 Observed Configurations
[3]° 2} 113556.8
[6]° 63 113600.3 For the calculation and diagonalization of energy
[3]° 3% 113630.9 matrices, computer programs written by Y. Bordarier
[6]° 5% 113664.3 Carli . S
1o i e and A. Carlier at Laboratoire Aimé Cotton, Orsay,
foTe 1 1138255 France, were used. These programs evaluate the
8]° 74 113833.9 energy formulas given in terms of nj-coefficients, and
CH) % . gf Higég}) compiled the output in the form of /-matrices which
Vre1e ] 114797 2 may then be diagonalized. The large library of matrices
[9]° oL 114970.7 assembled at Hebrew University by G. Racah and his
[4]° 4 115324.3 co-workers was made available to us by Z. Goldschmit,
go g; Hgﬁggi and is compatible with the above-mentioned programs.
(370 33 115420 8 The matrix library tape contains the configurations
[5]° 43 115499.8 f?p and f(d+spP. For the present work they were
CF2)[4]° 34 115670.0 combined with configuration interaction (utilizing
(*He) §=° ;’-{ Hgg&z)g the formulas for three-electron matrix elements calcu-
510 54 115933.2 lated by Fano, Pratts, and Goldschmidt [12]) to study
4]° 3 116021.8 the configuration complex 4f%6p+ 5d*4f+ 4f5d6s.
7]° 3 116238.8 The matrices of f2(d+s) are also on the library tape,
CF[5]° % 116309.2 and were used in the study of 4 f%d, 4 f*7s, and 4 /28
. : in the study o \ s,an s.
4 43 116453.2 . ’
(He)[9]° 8} 116489.8 The matrices of f2f’ were calculated manually by
(F2)[3]° 21 116727.1 means of the Racah formalism [13] prior to the acquisi-
[3]° 3 117044.6 1
oFy) %0 62 iy tion of these programs.
f61° 54 1173231 In the present paper, unreduced values for the Slater
[1]° 13 117540.5 parameters are used. The convention of multiplying
[5]° 3 117574.5 the coefficient martices by arbitrary factors to simplify
.g; o 3% H;g‘ég'i denominators is unnecessary for computer calculations.
eF[6]° 6} 117775.3 The notations for the parameters in tables III, V,
[7]° 73 118063.0 VII, and IX have the following meaning: “4” is an
(F3) g: 43 Hgggl}t additive constant common to all levels of the configura-
CF[5]° ;é 11827}:6 tion; F%(l, l') and G*(l, [") are the Slater radial integrals
(F3)[3]° 33 118318.6 arising from the electrostatic interaction between the
(Hy)[5]° 43 118468.8 electrons [ and ['; {; is the parameter of the spin-orbit
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TaBLE III.  Fitted parameter values and associated standard errors
for the 4f>6p + 5d24f+ 4f5d6s configurations of Pr 11 and cor-
responding parameters of Ce 111 and Pr 1v in units of cm™!

Parameters Prn Ce 111 Priv
4f*6p 4fop af*
Acvieeiaaiiiiaiinn, 67903 = 90 52001 = 62
Ei(f3)...........] 4984 =+ 25 5011 =17
23.1+ 0.2 238IE=M 0N
486 + 2 488 =+ 1
28 = 2 24 + 1
—50 * 9 —49 =+ 6
6075 +225 5400 +450
1785 =140 2450+ 875
1531 *+302 945 +284
2338 =+ 24 5B == 88
751 = 10 644+ 10 760 =+ 6
5d*Af 5d*
Acvieiiienianini 73137 = 48 46027+ 67
1B ((clZ) PR 406 += 5 442+ 3
................... 2021 = 21 2006 +111
F%(fd)............ 21000 +284
15385 +431
10080 =+ 96
13954 *665
10825 =611
946 =+ 23 837+ 14
838 =+ 19
483 =+ 55
A4f5d6s 5d6s
A A 92316 =+ 156 66388+ 96
F2(fd)...........] 20790 =+1050
12 s somoonscsanond 15177 Fixed F2/F*
(Y s ooncaonnacded 9905 =+ 476
G3uraeinennnn 13167 Fixed G'/G3
[ S 10825 Fixed G'/G>
G2(ds)............ 10125 =+ 410 11125+ 705
G3(f$)erurunnnanns 2100 Fixed
Ldeeeveoeeiiaennn 1035 + 66 927+ 28
G 838 Fixed
Configuration
interaction
R'(fp.d?).......] —1583 =+ 122 3115+ 105
R3(fp.d?)........ 1655 = 308 0 Fixed
R'(fp.ds).......| 6590 =+ 341 5355E0730)
R3(fp.sd)........ 0 Fixed 0 Fixed
R2(dd,ds).......] 16940 =+ 621 15820 + 1295
R2(fd,fs)........] 0 Fixed
R:‘(f(],sf) ....... 0 Fixed
rms error in 89 cm™! 47 cm—!
calculated
levels

interaction for the electron [; E', E%, and E® are linear
combinations of the Slater radial integrals defined by
Racah [14] which arise from the electrostatic interac-
tion within an f" shell; B and C are linear combinations
of Slater integrals defined by Racah [13] for the d”"
shell; « and y are two-body effective interaction param-
eters acting within the " shell which have the coeffi-
cients L(L+1) and 12g(U), respectively, where L refers
to the orbital angular momentum in the f* shell and

g(U) are the eigenvalues of the Casimir operator
G(G,) tabulated by Racah [14]; E; is the two-body
effective interaction parameter for nonequivalent
electrons proposed by Sack [20] and is used here for
the 5d*4f configuration; R* are the radial integrals
arising from configuration interaction.

1. The 4/26p + 5d24f+ 4f5d6s Complex

These three configurations are analogous to the
Ce 111 group 4f6p, 5d2, and 5d6s treated theoretically
by Z. Goldschmidt [15]. She found strong mutual
perturbations in CeIll, reporting large mixutres of
terms of two configurations in several levels. This
accounts for the poor results of Spector’s calculation
of 4f6p alone [16]. The rms error in his calculated
levels is 394 cm~-1, while that obtained in reference
15 for the mixture of the three configurations is
47 em~1.

Following the results in Ce 111, I have treated the
mixed complex of configurations 4/26p, 5d*4f, and
4f5d6s in Prir Initial parameters for the first diago-
nalization of the energy matrices were obtained from
the following sources for the 5d24f and 4f5d6s con-
figurations:

Interaction Source Reference
d—d Ce 111 5d? 15
d—s Ce 111 5d6s 15
f—s Prar 41265 19
d—f Priu 4/%5d 17
La(5d?) Ce 111 5d? 15
La(5d) Ce 111 5dbs 15
& Priv 4f6s 18

The matrices for these configurations were diagonal-
ized without configuration interaction to determine the
correspondence with the observed levels. This was
accomplished by means of the experimentally iden-
tiied LS composition of many of the levels. The
parameters were then improved by least squares
adjustment to fit the observed levels and further
improved by several repetitions of these steps. Be-
cause of the small number of known levels of 4/5dbs,
fixed ratios were assumed for F'2/F4, G1/G3, and G1/G>
of the f—d interaction as well as fixed values of
G3(f,s) and . The refined parameter values then
served as initial parameters for the first diagonaliza-
tion with configuration interaction.

Spector has treated the 4/26p configuration of Pr
111 theoretically [19] and obtained an rms error of 198
cm~! for his calculated levels. His results served here
for initial parameters of this configuration.

Initial values for the configuration interaction param-
eters R!(fp,d?) between 4f%6p and 5d%4 f, R! fp ds)
between 4 f26p and 4f5d6s, and R?*(d?.ds) between
5d*4f and 4f5d6s were taken from the Celil results
[15]. All other configuration interaction parameters
were initially set equal to zero.

Several sequences of diagonalization and adjustment
of the parameters were carried out to obtain conver-
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gence before attempting to evaluate the less sensitive
interaction parameters. Then the parameters R % (fd, fs)
and R 3(fd, sf) which act between the 5d?4f and 4/ 5d6s
configurations, and G3*(fs) of the latter configuration
were added. These were found to be undefinable in the
least squares calculations (their standard errors
exceeded their values) because too few levels of 4/ 5d6s
are known. They were therefore fixed at the following
values:

R2(fd, fs) =R?(fd, sf) =0
G3(fs) =2100 cm~'.

Finally, values for R*(fp, d*) and R?(fp.sd) were
sought. The latter was undefinable and was therefore
fixed at zero. The iterative fitting procedure was
again brought to convergence, with an rms error of
119 ecm~! for the calculated levels.

Goldschmidt’s success in utilizing the Sack [20]
effective two-body interaction operators E,L(L+1)
and E;S(S+ 1) acting on the final L and S of the levels
of 4 f5d in Ce 111 [15] suggested their use for the 4 f26p
and 5d?4f configurations of Priil. For these con-
figurations, following Sack, the operators are E[L(L
+1)—Le(Le+1)] and ESS+1)—Sq(Sc+1)], where L.
and S; refer to the 42 or 5d2 core terms. A well defined
value was obtained only for E of 5d24f. The addition
of this parameter reduced the rms error to its final
value of 89 cm~1.

In table III the final values for the parameters
derived from the mixing of the three configurations
are given. In all least squares calculations the ratios
F2/F4. G'G3, and GG of the 4f5d6s configuration
were fixed at the values taken by the corresponding
parameters of 5d?4f in the preceding calculation.
Also the parameter {; of 4f5d6s was required to be
equal to {; in 5d*4f. The remaining free parameters

G', and {4, took nearly equal values in both configura-
tions. It is interesting to note that they are nearly
equal to the corresponding parameters of the 4/5d
configuration [18] of Pr1v.

Included in table III are the corresponding param-
eters of Celll evaluated by Goldschmidt [15] and the
parameters of the 4f* configuration of Priv [21]
included for comparison with 4f26p core interactions.

Table IV contains all the calculated levels of the
three configurations, all the experimental levels
assigned to these configurations, and the squares of
the components of the eigenvectors of the calculated
levels (their percentage composition). A maximum
of three components is given for each level, but less
are shown when the sum represents 90 percent or
more of the composition. Where a level contains 20
percent or more of the eigenvectors of two configura-
tions, both are indicated in the column labeled **con-
figuration” by means of an “X”".

The highest purity of eigenvectors for 4f26p is of
course obtained in Jyj-coupling because of the large
value of {, and the small electrostatic interaction
between the f and p electrons. The designation of
the energy levels in this scheme gives the 4/2 core
level in parentheses followed by the j of the 6p elec-
tron (1/2 or 3/2).

The coupling is much less pure in 5d?4f. Here the
electrostatic interactions within the 5d? shell and
between 5d and 4f are both strong. Therefore, no
preferred order of coupling of electrons occurs. The
basis states are calculated in an LS scheme in which
the d electrons are first coupled and the f electron is
then added. In table IV the 542 core term is given in
parentheses followed by the final LS term. The
large values of {(5d) and {(4f) give rise to intermediate
coupling. I transformed the eigenvectors to the
(@*)J:(f)j scheme and found higher purity for a few
levels, but the average purity for the configuration is
lower than in the LS scheme.

common to these two configurations, namely F2,
TABLE IV. Calculated energy levels and compositions of the mixed 4{*6p, 5d°4f, and 4{5d6s configurations of PriiL.
The 4/%6p levels are designated in J,j-coupling. The levels of 54*1f and 4/5d6s are designated in LS-couplirg. with those of 4/5d6s distinguished by the symbol *. Levels attributed to
two configurations contain 20 percent or more of each
Levels Levels Obs. Configuration "
calcula observed minus . ~omposition
’ (em ™ ‘I;.d (em~1) cale. 4f*6p Sd*4f 4f5d6s Y
0% 63030 X CF):S 31%, (3F)*D 23%, (F)2P 19%

64988 . X CF)S 41%, (F)'D 30%, (°F;)3/2 11%
66481 66325 —156 X (°F2)3/2 81%, (CF):S 4%, (F)*D 3%
68973 X ('Dy2P 31%, (3F)2P 24%, (CF)*D 23%
70262 X CF)*P 4%, (°F)2S 19%,
72188 X (3P)*D 62%, (*F)2P 13%, (°F)*D 129%
74970 X (F)P 37%, ('DyP 30%, (*P)*D 18%
78311 78313 2 X ('D2)3/2  68%, (3P2)3/2 11%, (Po)1/2 9%
79409 X (Po)1/2 2%, ('D2)3/2  16%
79703 79742 39 X (Py)1/2 79%, (CPo)1/2 12%
83375 X (Py)3/2 51%, (P2)3/2 35%, *(3P)¢P 6%
84984 X (®P»)3/2 47%, (P32 37% ('GP 6%
87650 X ('GP 91%
89556 X *@D)*D 91%
92742 X ECEEE 90%
97264 X *(CP)eP 90%

101423 X EEERE 89%, ('So)1/2 5%

111001 X ('So)1/2 94%
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TaBLE IV. Calculated energy levels and compositions of the mixed 4f*6p, 5d*4f, and 45d6s configurations of Pri1. — Continued

The 4f%6p levels are designated in J,jcoupling. The levels of 5d24f and 4f5d6s are designated in LS-coupling, with those of 4/5d6s distinguished by the symbol *. Levels attributed to
two configurations contain 20 percent or more of each

Levels Levels Obs. Configuration
J calculated observed minus I Composition
(cm~") (em~1) cale. 4f26p 5d24f 4f5d6s
13 63142 63221 79 X (CF)1/2  91%
65166 X (°F)*D 57%, (*P)*D 13%, (F)?P 10%
65639 X CF)F 76%, (Fy)3/2 10%, (P)*F 5%
66828 66867 39 X (3F»)3/2 76%, (F)rF 7%, (F)*D 5%
67916 67965 49 X (°F1)3/2 91%
68942 X (F)P 41%, (‘DpP  13%, (F)*D 10%
69488 X (F)*P 82%, (F)*S 5%, (°F)P 5%
70631 X ('D)2D 44%, (CFPrS  16%, ('DyP 14%
71456 71501 45 X (P2D 32%, CF®S  25%, (*PyD 14%
71988 X (F)*S 35%, (PED 17%, ('Dy*D 10%
73947 X (P)*F 31%, (PyD  27%, (*F)*D 14%
74066 X (3P)*D 20%, (*PeED  18%, ('‘DyP 15%
74509 74464 —45 X (GP)F 45%, CFPD  26%, CF)*F 1%
75415 75410 =5 X ('D2)1/2  79%, (P)1/2 8%, (*F)*D 5%
76826 76892 66 X (*F)*D 30%, (*DREP  27%, (°F)*P 15%
78963 78889 —74 X ('D:)3/2  76%, (3Py)3/2 8%, (®Py)1/2 4%
80190 80164 —26 X (tPp1/2  88%, ('D2)3/2 5%
80878 80898 20 X (CPy)1/2  75%, ('D)1/2 7%, (*Po)3/2 5%
82573 82492 =4 X X (*Po)3/2  44%, (*GPD  35%, (1GRP 6%
82926 83026 100 X (tP)3/2 43%, ((Pa3/2 23%, (*G)*D 12%
84003 X X (tPy3/2 31%, *CFYF  25%, ('G)*D 15%
84494 84410 —84 X *BF)F 62%, (3P)3/2 11%, (*G)*D 8%
85279 X (®P2)3/2  65%, (*GPP  16%, (*D2)3/2 5%
87031 X (1G)2P 62%, (*P2)3/2 15%, (*'GyD 13%
89214 X *(1D)2D 40%, *3SDED  37%, *CF)'F 7%
90681 X *@D)*D 52%, *(D2D  32%, EGRAE 4%
92797 X *EPyP 76%, SEEe 5%, *@D)*D 4%
95092 X *®D)2D 76%, *(D)2D 7%, (*D*D 6%
96994 X REEEE 67%, *(PRP  16%, ZEER 5%
103051 X *(1PyP 70%, *BPRP 19%, (*So)3/2 3%
114351 X ('Se)3/2  96%
24 61698 61718 20 X (CH4)3/2  72%, (F2)1/2 18%
63544 63576 32 X (*F2)1/2 75%, (*H4)3/2 20%
64396 64401 5 X (°F3)1/2 75%, (*F)*D 7%, CF)F 6%
64817 64818 1 X (F)2F 31%, CPG  27%, CFa)1/2  16%
66014 65909 =105 X (CF)G 47%, CFyD  18%, (DyF 9%
66571 66681 110 X X CF)F 52%, (*F2)3/2 30%, CF3)3/2 5%
66994 66943 =Gl X (*F)*D 24%, (°F2)3/2 14%, (CF)yF 11%
67361 67395 34 X X (CF2)3/2 44%, CFF  22%, (F)'D 14%
68288 X (F3)3/2  38%, (F4)3/2 30%. (1G4)3/2  16%
68991 68979 =112 X (CF3)3/2  41%, (Fe)3/2  35%, (*G)3/2  10%
69359 X (°F)*P 36%, P2D  22%, (F)*D 13%
69572 69682 110 X (PG 83%, (F)*P 6%, CF)1G 5%
70369 X (*PeD 46%, CF)*P  35%, (F)*D 1%
71504 71536 32 X (1G4)3/2  61%, (F9)3/2 28%, (*D)1/2 2%
72007 71995 =112 X ('D)2D 26%, GCPYD  17%, eF)‘P 16%
74168 74105 —(if} X (3P)*D 27%, Py 23%, ('DyF 14%
74744 X (CP)*F 62%, GCP)YD  12%, ('D2F 8%
75354 75561 207 X (*F)*D 35%, ('D2)1/2 18%, (DD 14%
75782 75615 —167 X ('D2)1/2  60%, ('Dy*D  10%, (#P2)1/2 6%
76491 X (*F)*D 27%, ('D2F  19%, (*PyD 12%
77944 77822 =122 X ('G)*F 70%, (F)2F 5%, (G)D 4%
79360 79367 7 X ('D2)3/2  79%, P2)3/2 1%, *('D)*D 5%
81472 81405 =/ X (®Py)1/2  83%, ('D2)1/2 8%
83359 83427 68 X (CPy3/12  79%, ('G*D  10%, *®D)*D 3%
84317 X X (*G)*D 43%, (3P»)3/2 20%, (tPp3/2  10%
84710 X (*PyF 52%, (1SPF  13%, (*GyF 9%
84986 X *CF)*F 56%, P 8%, ¢P2)3/2 7%
85323 85306 =17 X (®P2)3/2  52%, (*G*D  19%, *CF)*F 9%
85904 X *GG)G 87%, *CF)F 7%,
88297 X *(D)2D 42%, *GF)AF  18%, *CF)F 16%
90038 X *(BF)2F 44%, *GD)D  24%, *1D)D 9%
91295 X *(*D)*D 56%, *(DeD  11%, (1SPF 10%
92422 92555 133 X (1SrF 54%, *(F)F  13%, (CPRF 11%
94069 X *©BP)P 69%, *¢GD)e2D  10%, (3P3)3/2 3%
94917 X *(1F)2F 50%, *GDyD  10%, *@EPyP 10%
97877 X *©GD)D 62%, *(FF  16%, E@EDED 9%
335-761 O - 69 - 5 341



TaBLE IV. Calculated energy levels and compositions of the mixed 4f26p, 5d*4f, and 4f5d6s configurations of Prii1. — Continued

The 4/26p levels are designated in Jyj-coupling. The levels of 5d25f and 4/5d6s are designated in LS-coupling, with those of 4/5d6s distinguished by the symbol *. Levels attributed to
two configurations contain 20 percent or more of each

Levels Levels Obs. Configuration

Jf calculated | observed minus Composition
(cm™ ") (em™1) cale. 4f*6p S5d*af 1/5d6s

3% 58164 58158 —6 X CH)L2  82%, (FyH 6%, CH)3/2 4%
60524 60520 —4 CF)H 43%, FFRG  33%, CH)1/2  10%
61560 61605 45 X CHL3/2  80%, CFRG 1%, (GH312 2%
63260 63232 —28 X CF)H 429%, CFRG  20%, (F)F 1%
63807 63769 —38 X CH5)3/2  47%, (F3)1/2 34%, CF)*G 4%
64992 64980 —12 X CF)1/2  46%, (*Gy)1/2 17%, CF2G 8%
65265 65296 31 X CF3)1/2  45%, (®Hs)3/2 39%, CF)l/2 6%
65932 65935 3 X (F2F 229%, GF)D  12%, CF)2G 9%
66949 66853 —96 X CF)G 47%, (F2)3/2 18%, CF)*D 1%
67280 67240 —40 X X CF2)3/2  58%, CFYG  27%, CF2)3/2 2%
67624 67679 55 X X (1G1/2  32%, CF)F  32%, CF)l2 9%
68221 68332 111 X X CFYF 22%, (F3)3/2 21%, (1Gy)l/2 18%
68511 68492 -19 X GF)3/2  37%, CFYF  17%, CF)1/2  10%
68789 68802 13 It CF43/2  29%, (*G4)3/2 23%, (Fs)3/2  22%
69184 68987 —197 X CF)'D 19%, CPYG  15%, (‘DG 14%
69492 69431 —61 X (F)*D 18%, (P)eG  17%, (DPG  17%
71450 71386 —64 X CPYG 58%, (‘'DPG  24%, (PyG 1%
72005 71979 —26 X (1G4)3/2  48%, (F1)3/2 38%, (161G 4%
73316 73378 62 X (GG 65%, CPREG 9%, ('Dy*G 9%
74550 X (P)D 62%, (GFyD  18%, (DPF  10%
75309 75294 —15 X CPyF 74%, CPD 7%, CFPF 5%
76550 X (D3F 46%, CPF  11%, CFRF  10%
78374 78463 89 X X ('GPF 58%, ('D:)3/2 20%, (P)*F 5%
79226 79396 170 X (D2)3/2  66%, (‘GyF  14%, €P)3/2 7%
81357 X (CPRG 46%, (GPG  21%, (DG 9%
84135 X *CHyH 3%, *1GRG  19%
84418 84431 13 X (P2)3/2  85%, ('D:2)3/2 9%
85860 X CPPF 57%, (GPF  11%, CFPEF  10%
86122 X *(1GRG 32%, *3GEG  22%, *GHY'H  22%
86381 X *EF)F 70%, *EGPG  15%, (PyF 4%
87602 87512 —90 X *COPG 52%, 1GRG  26%, *GFYF  11%
90636 X *(ED)D 32%, IFRF 299, *OFRF  24%
92022 X *(F)2F 35%, *GDyD  32%, *GGRG  15%
92476 92442 —34 X *CGRG 53%, *GD)Y'D  21%, (162G 10%
94002 93967 —35 X (*SyF 4%, *BGRG 4%, *GBD)D 4%
96948 96830 —118 X AT 51%, *CFRF  23%, ('DPF 8%

44 58244 58174 —170 X CH91/2  95%
60160 60166 6 X CHs)1/2 9%, (CHa)3/2 7%, CFyH 1%
61332 61357 25 X (He)3/2  53%, CFPL  19%, (Hs)1/2  12%
61971 62063 92 X X CF)'L 44%, (H)3/2 32%, CFPG 9%
62508 62536 28 X CF)G 33%, CFyH  27%, CF)L 21%
63560 63593 33 X X CH5)3/2  67%, CF)'H  11%, CFPG  11%
64271 64236 -35 X X CF)*H 46%, (H;)3/2 24%, CFRG  19%
64929 64857 —72 X CF)1/2  57%, (1Gy)1/2 24%, (He)3/2% 12%
66953 67049 9 X (CHe)3/2  60%, (1G1/2 12%, ('D2H 9%
67412 67399 -13 X (‘D)*H 299%, CFPH  20%, (*He)3/2 13%
67815 67871 56 X X (F)3/2  48%, CFYG  26%, (Gal2 6%
68349 68375 26 X (‘'Ga1/2  41%, CF9)1/2 22%, CFg3/2  15%
68683 68544 —139 X X CEIG 50%, (F3)3/2 35%, CFa3/2 3%
69181 69138 —43 X CF3/2  36%, (1G)3/2 32%, CF3)3/2 6%
69529 69686 157 X CF)'F 65%, CFyl/2 8%, CPyF 5%
70999 71021 22 X (P)G 43%, GPRG  17%, (DRG  12%
71641 71592 —49 X ('G4)3/2  51%, CF4)3/2 37%, CPy*G 4%
73119 73030 —89 X GPYG 36%, (GPH  25%, (GRG  15%
73690 73606 —84 X ('DPG 42%, (GPH  12%, (‘DPH - 12%
74675 X (F)*H 51%, CGPH  23%, (DPH  15%
75636 75762 126 X (1GRG 38%, (GPH  21%, (FPH 9%
77169 X (P)F 85%, CEYF 6%
81428 X (PRG 46%, (GRG  28%, (DRG  11%
84446 84411 -35 X (16)3/2  78%, *(HPH 8%, *@H)*H 5%
85028 X *1G)2G 35%, *6HEH  34%, (163/2  12%
86442 X *(SH)*H 54%, *(1G)G  24%, *GRYF 16%
88134 88220 86 X *(BG)IG 57%, *CEIF  35%
89017 88949 —68 X *(F)F 39%, *BGYG  35%, (162G 16%
90557 90629 72 X *(3H)2H 79%, (D2H 5%, *(1G)2G 4%
95075 95148 73 X *(3G)G 1%, (D2G 8%, *(1G)2G 8%
99782 X *(1H)2H 85%, (I3/2 6%
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TABLE IV. Calculated energy levels and compositions of the mixed 4{26p, 5d*4f, and 4f5d6s configurations of Pr111. — Continued
The 4f6p levels are designated in J,j-coupling. The levels of 5d*4f and 4/5d6s are designated in LS-coupling, with those of 4/5d6s distinguished by the symbol *. Levels attributed to

two configurations contain 20 percent or more of each

Levels Levels Obs. Configuration

J calculated | observed minus Composition
(ecm~") (cm~1) cale. 4f*6p Sd*af 1/5d6s

5% 60465 60420 —45 X (BHs)1/2  94%
62243 62241 =32 X (BH93/2  40%, (He)1/2 35%, (BHs)3/2  15%
62569 62559 —10 X (BHe)1/2  55%, (BH43/2 37%
63811 63817 6 X X GF)I 50%, (H5)3/2 24%, (BH43/2 15%
64074 64151 77 X X (BF)I 42%, (3H5)3/2 39%, (BF)*H 6%
64951 64865 —86 X (F)*H 73%, (BH5)3/2 15%
65912 65922 10 X (®*He)3/2  88%, (F)*H 4%
68184 68238 54 X (BF)21 51%, (1G)2I 36%, (BF)*H 6%
68514 68526 12 X (BF)3/2  53%, (1G49)3/2 20%, BF)IG 14%
69455 69409 —46 X (BF)2H 37%, (D)2H 25%, GCF)G 11%
69924 69978 54 X BF)1G 62%, (DH  11%, (BP)G 8%
71714 71736 22 X (1G4)3/2 65%, (BF9)3/2 29%
73535 73609 74 X (BP)IG 76%, (F)*H 9%, ('G)*H 8%
75641 75640 =1l X (F)2H 32%, (D)H 18%, (G2 16%
76097 X ('G)2H 56%. (D)2H 27%, (BP)G 9%
78869 78695 —174 X (1G)21 35%, CF)?  25%, (F)*H 12%
80312 80361 49 X (Te)1/2 80%, GBF)21 6%, (G)I 6%
83729 83607 —1122 X (T¢)3/2 87%, (1I91/2 7%
87519 X *@BH)*H 95%
90049 90120 71 X *BOMUG 96%
93283 93296 13 X *(BH)2H 80%, *HH 9%, *(CH)*H 5%
99971 X *(tH)2H 82%, *@H)2H  10%

63 62725 62679 —46 X (GHe)1/2  89%, (GHe)3/2 6%
64218 64215 —3 X (H5)3/2  86%, (BHe)3/2 8%
65944 65967 23 X (BF)1 86%, (BF)*H 5%
66091 66148 57 X X (3He)3/2 51%, GF)H  25%, (GHs)3/2 12%
66872 66736 —136 X X (BF)*H 53%, (He)3/2 32%, BRI 6%
70452 70381 =71 X (GF)21 53%, (G)2I 29%, (BF)*H 12%
77201 X (1G)2K 96%
79246 79136 —110 X (1G)21 51%, GF2l  26%, (Ig1/2  17%
80743 80989 246 X X (1Ie)1/2 70%, (G2l 12%, (BF)2I 9%
83713 83703 —10 X (')3/2 87%, (Ie1/2 11%
89758 X *GH*H  100%

73 66298 66301 3 X (CHe)3/2 9%
68285 68305 20 X CF)41 95%
79787 X (1G)2K 98%
84999 84992 =7 X (116)3/2 98%

The 5d?4f configuration is illustrated in figure 1.
The observed levels are represented by solid lines and
the calculated positions of unknown levels are given
as dashed lines. The term designations represent
the major components, although in many cases these
are less than 50 percent. The identity of a unique major
component in some cases is impossible. In spite of
the intermediate coupling, the low-lying quartets
exhibit a regularity in their structure characteristic of
LS-coupling. This is also true of the equally complex
4£*5d configuration of the same ion [1]. Judd has shown
that this structure arises from the near equality of
{4f) and ((5d), which results in nearly null non-
diagonal matrix elements between terms of maximum
multiplicity [22]. The structure of the (°F)*H° term is
distorted by the strong mixture with (3F)2G°.

The coupling in 4 f5d6s is LS, but not very pure
because of the large spin-orbit interactions. The basis
states were constructed by first coupling the f and
d electrons to form parent terms and then adding
the s electron. If more levels had been found, it would
probably have been possible to define parameters
E; and E; for this configuration since they have been
essential to other configurations of Prin and Ce 111
containing both 4f and 5d electrons.

4.2. The 4/%5f Configuration

This is a well-isolated configuration which is quite
amenable to individual treatment. The correspond-
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TABLE V. Fitted parameter values and associated standard errors for
the 4£25f configuration of Prinl and corresponding parameters of
Ce 111 in units of cm~!

Parameters Prin Ce 111
af*5f afsf
] 118394 =+ 16 101544+ 12
4983 9
22.99+ 0.05
479 =+ 1
22.7 = 04
—56  Fixed
3150 =+ 53 3150+ 90
1870 %160 1420 + 220
F6 490  £+190 736 =72
GO 931 + 9 1175+ 14
G 1511 o ) 1530+ 110
(&) 1220 *+170 870+ 330
P 847  +140 736+ 7
3 760 + 2 639+ 7
g(fz) 2 * 3 2= 8
rms error in 28 cm~! 39 cm-1

calculated levels

ing configuration 4/5f of Ce I1I reported in reference 3
was treated theoretically by Spector [16], who obtained
an rms error in the level predictions of 39 cm-!.

As was found in the Ce 111 work, the highest purity
of eigenvectors results from the use of the /;/-coupling
scheme. However. due to the large value of the ex-
change parameter G°(ff"), substantial LS-components
are obtained when the calculation is carried out in
the LS-scheme. Analogous to Celrl, this condition
permitted the experimental assignment of many LS
terms on the basis of line intensities due to transitions
to the LS-coupled 4f25d configuration. These LS
designations were essential in establishing the corre-
spondence between the observed and calculated levels.

Initial parameter values were obtained from the
4 f? configuration of Priv for the 4 f2 core interactions
and from Spector’s results in Ce 111 for the f-f' inter-
action as well as for {(51).

Because no levels based on 4/%(*P) or ('S) are known
only 4 electrostatic core parameters could be fit to
the 5 observed core terms. Therefore the “effective”
interaction parameter y was fixed at —56 cm™!, the
value obtained by S. Feneuille and N. Pelletier-
Allard [23] in a recent calculation of 4f%6s-+ 5d)
of Prim. The free parameters did not change signifi-
cantly from their initial values.

All observed levels of odd parity in this region were
fitted to the 4/25f configuration. The final rms error
in the calculated level positions was 28 cm~!. The
resulting parameters are given in table V along with
the corresponding ones of 4/5f of CeIlL
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FIGURE 1. Energy levels of the 5d%4f configuration of Pr 111

Levels not observed are represented by dashed lines at their calculated positions.

The calculated and observed energy levels and
eigenvectors of 4/25fin J,l-coupling are given in table
VI. The designations show the 4f? core level fol-
lowed by the quantum number K= (J;+ /) in square
brackets. Because of the importance of the LS-coupling
designations in the theoretical analysis they are in-
cluded in a column containing the largest component
in this scheme.
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TABLE V1. Calculated energy levels and compositions of the 4f25f configuration of Pr 111.
Designations are in J,/-coupling
Levels Levels Obs. Largest
J calculated observed minus Composition in J;/-coupling component in
(cm~) (cm-1) Calc. LS-coupling
03 111748 3H4[1] 92% (®BH)4D 92%
115693 SFo[1] - 85%,  SF3[0] 5% CFPS  41%
116909 3F3[0]  70%, 3F,[1] 15%, 3F,[1] 8% (*F)*P  60%
117392 3F,[1]  78%, 3F,[0] 10%, 3F,[1] 7% (*F)*D 65%
118943 3F4[1]  70%, 3F5[0] 14%, 3K3(1] 7% (3F)2P 61%
120507 1G41] 85%, 3Fy[1] 12% (1G)?P  80%
128370 1Dy[1] 89%, 3P,[1] 6% (*D)?P  88%
134088 3Py[1] 93% (BPy¢D  92%
13 111267 111269 2 3H4[2] 92% (H)*F  80%
111755 3Hy[1] 90% (CH)'D  54%
113803 113826 23 3H;5[2] 93% (“H)"’D 45%
115948 3Fo[1]  77%, 3F4[1] 10%, 3F,[2] 4% CFYP  70%
116812 3F,[2] 82%, 3F,[1] 3%, 3F,[2] 3% (f‘l":)zD 37%
117552 117540 =1 3F,[1]  26%, 3F4[1] 22%, 3F4[2] 21% 1:‘P‘)”P 24%
118154 118201 47 3F,[2]  59%, 3F,[1] 25%, 1G4[1] 7% CFYF  34%
118260 3F4[2] 38%, 3E5[1] 22%, 3F3(2] 20% CF'D  39%
119010 3F4[1] 31%, 3K,(1] 20%, 3F,[1] 14% CPIS  62%
121489 1G4[1] 48%, 3F,[1] 27%, 1G4[2] 15% ("GPP 43%
122588 1G4[2] 56%, 3F4[2] 25%, 1G4[1] 10% ('GPrD  51%
128163 128214 51 Dy[1] 84%, Py[1] 7% ('Dy*P  83%
128942 Dy[2] 85%, 3Py[2] 6% (‘DD  83%
132798 3Py[2] 89%, 3P,[2] 11% (f‘P)*‘F 62%
133895 3Py[2] 63%,  3Py[1] 23%, Py2] 7% CPPD  64%
134173 3Py[1] 69%,  3Py[2] 19%, 'D.[1] 4% CP)YD  74%
2 111489 111495 6 3Ha[2] 64%, 3H4[3] 28% GCH)*F  59%
111928 3H4[3] 63%, 3H,[2] 28% (CH*G  52%
113542 113557 15 3H;5[3] 45%, 3H;[2] 44%, 3F,[2] 6% (*H)*D  23%
113902 113914 12 3H;5(2] 46%, 3H;[3] 45% (3H)2 38%
115831 115800 =5l 3He[3] 48%, 3F.[2] 43% (3HED 47%
116471 3He[3] 38%, 3Fy[2} 23%, 3Fy[3] 18% GCF)P  26%
116711 116727 16 3Fy[3]  66%, 3F5[3] 9%, 3Fo[2] 6% (BFPrG  50%
117609 3Fs[2]  51%, 3F,[3] 26%, 1G43] 6% (CFPrF  30%
117651 117686 35 3F3[3]  33%, 3F4(2] 14%, 3Fo[2] 13% CF)D  42%
118612 “Fy[3]  32%), 3F4[3] 26%, 3F4[2] 13% CF)F  54%
118952 3F42] 51%, 3F4[3] 22%, 1G4[3] 10% (*FD  31%
120686 1G4[3] 57%, 3F4[3] 20%, 1G4[2] 17% ('GPF  53%
121763 1G4[2] 66%, 3F,[3] 15%, 'G4[3] 7% ('GPD  64%
128590 'Do[3] 85%, 3Py[3] 9% ('DPF  83%
128833 D,[2] 84%, 3Po2] 7% ('D*D  82%
132127 3Po[3] 86%, 3P,(3] 10% (3P)4G  64%
132709 3P[3] 86%, 3P[3] 8% (*P)2D  37%
133044 3Py[2] 64%, T4[3] 18%, 3P,[2] 13% (3P)4F 28%
133832 3P,[3] 45%, T[3] 41%, 3Py[2] 4% (I)2F  41%
134221 3Py[2] 54%, 3P4[2] 20%, 3P,[3] 12% (3P)4D 55%
136510 T43] 37%, 3P,[3] 29%, 3P,[2] 24% (3P)2F 52%
163236 1S0[3]  99% (1S)2F  99%
3% 110340 110334 =& 3H4[4] 91% (®(H)*H 81%
111381 111343 —38 SH(3] 87%, SHJ[4] 4% (H)!G  40%
113308 113292 =35 3H;[4] 50%, 3H;(3] 46% (BH)*F 44%
113639 113631 —8 3H;5[3] 46%, 3H;[4] 40%, 3F,[4] 3% (3H)4G 51%
115405 115421 16 3He[3] 36%,  3He4] 28%,  3F,[3] 27% (3H)4D  35%
115672 115670 <= 3F[4] 89%, 3F,[4] 4% (3F)*H 82%
116021 116022 1 3He[3] 41%, 3He[4] 39%, 3F43] 4% (3H)?F  42%
117029 117045 16 3Fy[3] 57%, 3He[4] 25%, 3F4(3] 5% (3F)*G 21%
117671 117647 —24 3F,[4] 64%, 3F,[3] 10%, 1G4[3] 8% (3F)2F 33%
118143 3F4[3] 26%, 1G4[3] 19%), 3F4[4] 17% (3F)4D 40%
118321 118319 = 3F3(3] 60%, 3F,[4] 16%, 3F44] 7% (3F)*G 41%
118967 3F 4] 47%, 3Fy[3] 21%, 1G44] 18% (BF)4F 41%
121401 1G4[3] 41%, 3F4[3] 29%, 1G44] 23% (1G)?F 36%
121599 1G44] 50%, 3F,[4] 21%, 1G4[3] 17% (1G)2G  45%
128456 128453 =3 D,[4] 87%, 3P,4] 6%, (*D)*G  86%
129012 D,3] 88%, 3Py3] 6% (*D)*F  86%
132256 3Py[3] 76%, 3P,[4] 8%, 3P43] 8% (3P)4G  41%
132760 3Pi[4] 62%, g[4] 25%, T3] 6% (3P)*G  37%
132869 3Py[3] 72%, 3Po[3] 11%, 3Pi[4] 8% (3P)4D  53%
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TaBLE VI. Calculated energy levels and compositions of the 4f25f configuration of Pr 111. — Continued
Designations are in J,/-coupling
Levels Levels Obs. Largest
calculated observed minus Composition in J,/-coupling component in
(cm~1) (ecm~1) Cale. LS-coupling
133585 116(3]  42%, 3P,[4] 33%, Te[4] 17% ('D*F  42%
134108 3P,[3] 75%, 3P,[4] 11%), 1D,[3] 7% (3P)*F  54%
134896 1s(4] 48%, 3P,[4] 19%, Te[3] 10% (NG 48%
136377 P,[4] 45%, 'I43] 37%.  *Ps[3] 11% (*P)?F  54%
163249 1S(3]  99% (1S)*F  99%
110906 110922 16 SHL4] 66%, SHJ5] 21%,  SH[5] 8% (F)*H  70%
111915 111993 78 SHY5] 72%,  SHJ4] 25% GF) *58%
113154 113159 5 3H5[5] 62%, 3H;[4] 26%, 3Hayl4] 6% undefined
113783 113780 =&} 3H;[4] 66%, 3H;[5] 28% (*H)?H 35%
115334 115324 =0 SHo(4] 46%,  SHo5] 26%,  °Fa[4] 18% (*H)*F  35%
115519 115500 —19 3Hg[5] 59%. 3He[4] 36% (3H)*G  54%
115841 3F,[5] 87%, 3F,4] 3% (CH)*H 71%
116456 116453 =33 3F,[4] 52%, 3F4[5] 20%, 3K,3[4] 7% (3P)*H 54%
117516 3F5[(5]  44%, 3F.(4] 17%, 3F4[5] 11% (3F)*H 36%
118076 118081 5 3F3(4]  40%, 3F4[5] 18%, 3F4[4] 16% (°F)2G  36%
118495 118469 —26 3F4[5]  36%, 3F3[5] 32%, 3F3[4] 14% CCF)*G  36%
118911 3Fi4] 43%, 3F3[4] 24%, 1G4[4] 22% CCF)*F  65%
121376 121383 7 1G4[5] 51%, 3F4[5] 21%, 1G4l4] 14% ('G)2H 46%
122121 1GJ4] 50%,  OFi4] 24%, 1Gi[5] 14% (1G)2G  45%
128360 128353 =17 1D,[5] 78%, D.[4] 10%, 3Po[5] 7% ('"D)*H 77%
128584 128569 =115 D,y[4] 79%, 'Dy[5] 11%, 3P,[4] 6% ('D)2G  78%
132719 p[4] 89%. L[4l 9% (*P)*G  48%
133285 Tel5]  80%, 3Py[5] 11% ('I)*H  80%
133459 Te[4] 43%, 3Py[5] 29%, Te[5] 17% ('1)*G  43%
134030 3Py[4]  90% (*P)¥F  65%
135078 3Py[5] 52%, Ts[4] 37%, 3Pi[4] 5% (*P)2G  54%
5% 110308 110295 =1l5} 3Ha[6] 83%, 3H4[5] F3% (*H)*K 74%
110876 110881 5 SH5] 78%.  SH{6] 12% CH)E 419
112636 112643 7 3H5[5] 66%, 3H;[6] 29% (*H)*H 61%
113664 113664 0 3Hy[6] 61%,  3Hs[5] 28%,  3Hu5] 4% CH)*T  67%
115402 115403 1 3He[6] 64%, 3Hg[5] 21%, 3Fy5] 5% (*H)*H 34%
115934 115933 -1 SHe[5] 50%.  *He6] 19%. *Fif5] 6% CH)*G 41%
116276 116309 33 3F,[5]  63%, 3Hg[5] 11%, 3Hg[6] 10% CF) . 31%
117320 117323 3 3F3(6]  35%, 3F3[5] 26%,  *Fi6] 22% (°F)*H 28%
117577 117574 =3 Fal5] 51%.  Fsl6] 32%. 'Gi6] 6% CF) 48%
118304 118272 =&} 3Fy5] 22%, 3F46] 17%, 1Gy[5] 14% (°F)*G 32%
118926 118879 —47 3F45] 35%, 1G4[6] 19%, 3F4[6] 18% (*°F)*H 37%
121078 121095 17 1G5] 45%. FJ5] 23%.  'Gi6] 19% ('G)*H  40%
121546 121532 =1u! 1G4[6] 35%, 3F4[6] 31%, 1G4[5] 26% ('G) 31%
128364 128382 18 D5] 89%. P.5] 8% ('D)*H 88%
133162 4(6] 83%, 5] 16% (‘DA 8%
133322 U5  76%, 'L{6] 16% (DH  76%
133955 5] 84%, 'Duf5] 8% PG 83%
110535 110531 —4 SH7l 97% CH)'L  89%
111115 111110 -5 SH6] 87%, °Hi7] 8% (H)'K  59%
112756 112770 14 SHy{7] 51%,  °Hs[6] 38% (H)2T  39%
113570 113600 30 3Hs[6] 49%,  SHi[7] 37%,  3He6] 9% (*H)’K  43%
114792 114797 5 SHi6] 69%,  “Hi[7] B4% CH)*H  48%
115369 115408 39 3He[7] 64%, 3He[6] 19%, 3F3[6] 8% CH)' T 60%
117263 117248 —15 SFL[6]  56%,  SF46] 29%,  'Ga6] 11% (*F)*H 54%
117762 117775 13 SF7] 28%.  Fi6] 28%.  SFs6] 21% GCF)'T 61%
118629 118611 =1k 3Fy[7] 36%, 'G4[7] 25%, 3F4[6] 19% CF)I  55%
120502 120499 — 1G[6] 61%,  SFJ6] 21%,  1G(7] 15% (1G)A  56%
121437 121431 —6 1G7] 50%.  F{7] 30%, 'Gi6] 14% (1G)K  44%
132708 (7] 100% ('I)%K  100%
133181 Te[6] 99% ("IP1 99%
111339 111335 —4 3Hy(7] 82%, 3H;[8] 16% (*H)!L 67%
112895 112896 1 Hs[7] 88%, 3He[8] 6% (*H)*K 72%
113832 113834 2 *H5[8] 79%, 3H4[7] 15% (*H)2L 76%
115666 115672 6 3He[8] 1%, 3He[7] 14%, 3Hs[7] 5% (*H)?2K  57%
116196 116239 43 3He[7] 78%, 3He[8] 17% (CH)'I  72%
118051 118063 12 371 70%, 1G4[7] 19%, *He[8] 2% CF)I1 65%
121087 121119 32 1Gy[7] 3%, 3F4[7] 23% ('G)’K 67%
132780 Te[7]  98% ('"I)2K  98%
133421 133352 —69 (8]  98% ('H2L - 98%



TaBLE VI

Calculated energy levels and compositions of the 4f25f configuration of Pr 111. — Continued
D

ions are in J,/-coupling

Levels Levels Obs. Largest

J calculated observed minus Composition in J;/-coupling component in
(cm~1) (cm~—1) Cale. LS-coupling

8% 113026 113024 -2 3H;(8] 94% (*H)*L  9%4%
114733 114726 =T 3Hg[8] 95% (*H)*K  95%
116497 116490 —7 3He[9] 89%, 3Hs5[8] 6% (*H)2L  89%
133120 133194 74 Te[9] 98% ('1)2M  98%
133438 133373 —65 e8] 97% ('I)2L  97%

9} 114978 114971 = SHy[9] 100% (*H)*L 100%
133191 133242 51 T6[9] 100% ('T)2M  100%

The energy level structure of 4/%5f is shown in
figure 2 in J,[-coupling. Pairs of levels of equal J,
and K are connected and the 4/ core is indicated. The
experimentally derived levels are drawn with solid
lines, and those not found are drawn with dashed
lines at their calculated positions. By comparing this
structure with that of 4/5f of Ce 111 shown in figure 4
of reference 3, we note a decrease in the pair splittings
in Pr 111, indicating a trend with increasing Z to purer
Jil coupling. The electrostatic parameter GO(ff")
has decreased by 20 percent from its value in Ce 111
while F2(ff') remains unchanged.

4.3. The 4/%6d and 4/*7s Configurations

Levels of both of these configurations were given
in ref. 2, but were all designated as 4/*6d. They
were derived from transitions to 4/26p. No distinction
between configurations was evident from relative line
intensities.

The present analysis of this transition array revealed
26 more levels belonging to the upper two configura-
tions. A clue as to the designation of these levels
is the fact that nearly all observed transitions from
a given upper level has the same 4f* core level of
4f%6p in common. This arises from the condition
that both the upper and lower configurations exhibit
good Jj-coupling.

The two configurations 4f26d and 4f*7s were ex-
pected to overlap because of the arrangement of the
corresponding Ce 111 configurations 4/6d and 4f7s.
To unravel them, I calculated their energy levels
using the parameters of Celn for the f-d and f-s
interactions, and compared the result with the known
levels. It was then possible to recognize the level group-
ings in the two configurations.

For both configurations, levels based only on the
two core levels 3H and 3F are known. Therefore, only
one core electrostatic parameter, namely E3, could
be determined. The ratios E!/E® and E'/E? were
fixed at the values 10.3 and 216, respectively. These
ratios are nearly equal in the configurations [17, 23]
4f3, 4f2(5d+ 6s), and 4f26p (table III of present work)

of Pr 111, and 4/* of Pr 1v(see table III). The parameters
« and vy of the 4f2 core were fixed at the values found
in 4/26s of Pr 111 [23].

The least squares adjustment of the 4/-6d and 4/-7s
interaction parameters produced the well-defined
values given in tables VII and IX. The corresponding
parameters of 4f6d in Ce 111 are also given. A diagonal-
ization with these final parameters provided the cal-
culated levels and eigenvectors in Jj-coupling shown
in table VIII for the 4/2(3H3F)6d levels. A complete
listing of the calculated results is not given because
of the small number of known levels. The eigen-
vectors were also calculated in the J;l-coupling
scheme. The overall purity of levels was found to be
lower than in J,j, as is the case in Ce 111 for 4/6d [16].

A diagram of the configurations 4/%(*H, *F) 6d and
7s is given in figure 3. As in figures 1 and 2, observed
levels are given as solid lines while those not yet lo-
cated are represented by dashed lines at their cal-
culated positions. Levels are connected which are
based on the same /; core level.

TaBLE VII. Fitted parameter values and associated standard
errors for the 426d configuration of Print and corresponding
parameters of Celll in units of cm™'.

Parameters Pr Ce 111
4%6d 4fod
108321 =+ 20 91509 = 36
4927 Fixed E'/E3
22.8 Fixed E*/E?
479 = 2
23  Fixed
—56 Fixed
4070 =*=100 3260 + 320
2500 %190 1730 = 690
1396 =+ 60 1330 + 180
1500 +220 540 + 690
2590 +160 1980 + 610
766 =+ 3 642 + 20
197 = 7 239+ 36
rms error in calculated 31 em—! 139 cm™!

levels
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FIGURE 2. Energy levels of the 4£*5f configuration of Pr 111.
Pairs of levels of identical 4/2 core and quantum number K in the /,/-coupling scheme are
connected. Levels not observed are represented by dashed lines at their calculated positions.

348



TaBLE VIII. Calculated energy levels and compositions of the 4f26d configuration of Pr 111.
Designations are in Jyj-coupling. Only levels built primarily on 4/%(*H) and 4/*(3F) core levels are given.

Levels Levels Obs.
J calculated | observed minus Composition in J,j-coupling
(em™1) (cm™1) cale.
0Y2 105740 (F2)3/2  92%
105973 (3F2)5/2  93%
107684 (F3)5/2  99%
1Y2 101658 (BH4)5/2 97%
106059 (3F2)3/2  92%
106154 (3F2)5/2  94%
107120 (3F3)3/2  96%
107844 CF3)5/2 82%,  (CFa)5/2 1%,  (F3)3/2 4%
108345 (3F4)5/2  56%, (1G4)5/2 31%, (F3)5/2 10%
2V, 101071 101071 0 (3H4)3/2  50%, (3H4)5/2 45%
101715 101666 —49 (3H4)5/2  52%, (3H4)3/2 43%
104106 (3H5)5/2  94%
105741 (3F»)3/2  85%, (3F2)5/2 8%
106369 (F2)5/2  87%, (F2)3/2 6%
107280 (3F3)3/2  83%, (3F3)5/2 6%, (CF)5/2 4%
107600 (BF4)3/2  62%, (1G4)3/2  26%, (F3)3/2 6%
107799 (F3)5/2  75%, (3F3)3/2 8%, (1Gs)512 %
108809 (BF4)5/2  52%, (1G4)5/2  25%, (F3)5/2 14%
3Y2 100783 100789 6 (BH4)3/2 65%, (3H4)5/2 31%
101477 101446 =3 (3H4)5/2  64%, (®H4)3/2 28%
103361 103309 — 5P (3H5)3/2  93%
103955 103896 —09 (3H5)5/2 95%
105514 (3F2)3/2  89%, (F2)5/2 7%,
106433 (BF2)5/2  17%, (3F3)3/2 13%°
106496 (3Hg)5/2  86%, (F3)3/2 5%
107328 107299 =04 (3F3)3/2  64%, (F9)3/2 8%, (F3)5/2 8%
107890 (BFy)3/2 34%, (3F4)5/2  26%, (1G4)3/2 19%
108173 (F3)5/2  54%, (3F3)3/2 12%, (Fy3/2 11%
108305 (1G)5/2  30%, (3F4)5/2 27%, (F3)5/2 25%
42 100415 100430 15 (3H4)3/2  96%,
100954 100947 =7 (3H4)5/2  94%
102853 102830 =k (3H;5)3/2  79%, (*H5)5/2 18%,
103327 103335 8 (3H5)5/2 74%, (*H5)3/2 18%
105519 105567 48 (3Hg)3/2  96%
106245 (BF,)5/2  61%, (3Hg)5/2  25%, (F3)3/12 8%
106346 (*Hg)5/2 69%, (°F2)5/2
107190 (*F3)3/2  54%, CF)3/12  19%, ('Gy)3/2 12%
107819 (*F3)5/2 83%, (*G4)3/2 8% .
107872 107854 =1k (CF3/2 32%, ((F3)3/2  20%, ('Gy3/2 13%
108600 (3F4)5/2  42%, (1G4)5/2  33%, CF3)3/2 9%
5Y2 100617 100625 8 (*H4)3/2  96%
101165 101165 0 (®*H4)5/2 94%
102639 102617 =) (H5)3/2  95%
103336 103344 8 (®H5)5/2 969
104924 104905 —19 (*He)3/2 93%
105458 105450 = (3Hg)5/2 82%
107403 GFs5/2  67%, (F)3/2 24%
107720 GF)3/2 29%, (F9)52 20%, (F3)5/2 19%
108527 108559 32 (BF9)5/2 42%, (1Ga)5/2  21%, ('G4)3/2 15%
6Y2 101667 101680 13 | GH)5/2 84%,  (H;)3/2 10%
102988 102982 —6 | CH3/2 51%, (Hy)5/2 47%
103764 103805 41 | (H,)5/2 48%.  (Hs)3/2 39%
105020 105019 =1l (*He)3/2  86%, (®He)5/2 13%
105644 105632 =117 (3Hg)5/2  85%, (3He)3/2 12%
107979 CF)52 0%, (G52 27%
72 103488 103484 —4 (®H5)5/2  95%
105080 105050 —=30 | (GHe5/2 57%, (HeB2 42%
106356 (*He)3/2  54%, (*He)5/2 41%
8Y2 105513 (*Hg)5/2 100%
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FIGURE 3. Energy levels of the 4f26d and 4f*7s configurations of
Pr 11 designated in J,j-coupling. The 4/ core levels are given in
parentheses followed by subscript d or s for the 6d or 7s
configurations.
Levels not observed are represented by dashed lines at their calculated positions.

4.4. The 4/*8s Configuration

Only a few high-lying levels were found by adding
the vacuum ultraviolet lines of Priir to the 4f26p
group. These were characterized by the strict adher-
ence of the observed lines to core level selection rules
in Jyj-coupling. They were therefore either 4f27d
or 4f28s levels. Their pair structure suggested the lat-
ter configuration and I attempted to fit them accord-
ingly.

Here again, only levels based on the 3H and 3F
core levels were found. Therefore, the same fixed
conditions on 4f> core parameters were used as for
4f*6d and 4f*7s. The results of least squares fitting
of the remaining parameters are given in table IX.
The free core parameters E? and {4y are practically
identical to those found for 4/%6d and 4f27s. Also, the
parameter G*(fs) shows the same fractional increase
from the Ce1ir value as does the same parameter of
4f*7s and 4f%6s. These results strongly support the
interpretation of these levels as 4f28s.

5. The lonization Energy

The present extension of the analysis of Priin pro-
vides a three member 4f2ns series (n=6, 7, 8) which
is suitable for a determination of the ionization energy
of this ion.

TaABLE IX. Fitted parameter values and associated standard errors
for the 4f27s and 4f28s configurations of Pr 111 in units of cm~1.

Parameters Prin Pr i
4f*7s 4/*8s
Acvereeaannnn. 107226 +32 135946 +8
(72— 4950 Fixed E'/E? 4936 Fixed E'/E®
22.9 Fixed E?/E? 22.8 Fixed E?/E?
482 +2 480.3 +=0.7
23  Fixed 23  Fixed
................ —56 Fixed —56 Fixed
G3(fs).ueunennnnn 590 =110 350 =+28
................ 768 +6 761 =1
rms error in 19 ¢m™! 7 cm™!

calculated levels

The levels based on the 3H core term are available
in the three configurations, and the purity of these
levels is above 90 percent (in contrast to the 3F levels).
Therefore, for the series terms I used the center of
gravity of the levels built on the 3H core. For the miss-
ing level in 4/*(PH)7s and 4/*(*H)8s the calculated
position was substituted. The centers of gravity of
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4f2(3H)6s, 7s, and 8s and the fitted effective principal
quantum numbers are:

Configuration c.g. (cm™1) n*
4f*(3H)os 31137 2.6045
4f*(3H)7s 102738 3.6535
4f*(3H)8s 131507 4.6732

The Ritz formula to which these values are fitted is:
T=—9R/(n—3.2959—6.8432 X 10-7 T')2.

To reduce the limit of this series to the lowest limit
corresponding to the ionization energy, the center of
gravity of the 3H term of 4f* observed in Priv [18] was
subtracted. This gives the value of 174284 cm~! for the
lowest series limit of Pr111.

The error resulting from the use of this three term
series may be estimated from La 111 [24], where a four
term ns series (n=06, 7, 8, 9) is known. The ionization
energy derived from this series agrees with those ob-
tained with nf and ng series to within 10 cm~!. By using
only the first three terms of the ns series in La Il one
obtains a value for the ionization energy differing from
that given by the four term series by —115 ecm=1. I
therefore added an equivalent fractional amount to the
calculated ionization energy of Pr 111 obtained from the
three term series and estimate the uncertainty to be
equal to this quantity. This gives the ionization energy
of Prim as 21.625 eV (174420 cm~') with an estimated
uncertainty of 0.016 eV (130 cm™1).

This procedure for estimating the correction for the
quadratic term in the quantum defect is valid if series
of this kind generally exhibit the same behavior. It
was noted in reference 10 that an examination of the
curves of the quantum defect (o) versus term energy
(T) for the ns series of a large number of alkali-like
atoms shows that their shapes are similar, and for the
same period are practically identical (see table IV of
ref. 10). Therefore, the use of the four-member series
in La1i to estimate the error in the ionization energy
derived from a three-member series in Primn is
reasonable.
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TABLE X. Observed spectral lines of Pr 111 in the vacuum ultra violet region

Classification #

A Intensity o Classification® Nvac Intensity o

(cm~1) A (cm™1)
2103.455 3 47540.8 23844/, — 71385%, 2085.148 2 47958.2
2102.907 20 47553.2 2084.954 10 47962.7
2102.492 3 47562.6 2084.699 3 47968.5 23532 52 — T1501°2
2101.877 10 47576.5 25409 72 — 73378°7)2
2101.778 100 47578.8 23442 1175~ T1021°%), 2084.344 60 47976.7 14558 g2 — 625352
2101.651 2 47581.6 2083.504 1 47996.1 25033 92 — 73029°;
2099.948 5 47620.2 25409 72 — 73029%2 2083.412 1 47998.2 19872 75 — 67870°%)2
2099.757 50 47624.6 2083.123 400 48004.8 13352 11/5— 613572
2099.757 50 47624.6 29267 52 — 76892°%; 2082.879 2 48010.5
2099.402 200 47632.6 16135 72 — 6376872 2082.810 3 48012.1 21418 5/ — 69431772
2098.974 3 47642.3 2082.653 3 48015.7
2098.903 20 47643.9 20848 52 — 684927, 2081.788 2 48035.6 27604 92 — 75640°11)2
2098.523 100 47652.6 21755 112— 69408°,y/2 2080.866 1 48056.9
2098.275 5 47658.2 26446 7/ — 74105%), 2080.280 30 48070.4 21611 5 — 69681°)>
2097.806 100 47668.8 17627 g2 — 652952 2079.497 100 48088.6 23647 13— 71736°11)2
2097.601 1000 47673.5 12846 42 — 605207, 2079.441 300 48089.8 19308 11/5— 67398%),
2097.513 500 47675.5 14859 12— 62535°%)2 2079.020 1 48099.6 16135 7/ — 64235°%)»
2097.284 20 47680.7 18241 115— 659222 2078.645 20 48108.3 27452 5/ — 75560°52
2097.234 100 47681.8 14558 g2 — 62240°y/2 2078.489 20 48111.9 31254 72 — 79366°5/>
2097.160 40 47683.5 21294 7 — 68978%)2 2078.426 & 48113.3
2097.075 5 47685.5 24309 32 — 71994%), 2077.544 60 48133.8 23844 4 — 719787,
2096.985 ) 47687.5 2077.450 40 48135.9 21294 7/, — 6943172
2096.890 5 47689.7 27604 g2 — 75294°7; 2077.337 & 48138.6 20848 5/, — 68987772
2096.832 200 47691.0 18990 72 — 66681 °5/2 2076.841 200 48150.0 23442 11— 71592°%)2
2096.787 6 47692.0 21294 7/, — 6898777 2076.505 3 48157.8 27604 o2 — 75762°%)2
2096.496 400 47698.6 14859 11/5— 62558°y/2 2076.358 100 48161.2 45805 92 — 9396772
2094.953 20 47733.8 23651 75 — 71385 2075.991 300 48169.8 19700 11/5— 67870%,
2094.676 400 47740.1 19308 115— 67049%, 2075.747 500 48175.4 15045 5/ — 63221°%),
2094.155 4000 47752.0 17113 y3/5— 64865°11/2 2074.851 5 48196.2
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