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Abstract. The aim of the present work is a reanalysis of the fine structure (fs) of the lower levels up to
24000 cm−1 on the basis of the two lowest configurations of uranium without a truncation of the core in
the case of the second configuration. This interpretation has been performed using Cowan’s code which can
manage such configurations without restriction. The average deviation of 53 cm−1 for 155 experimental
values demonstrates a good quality of the fs fit. All fs parameters are in good agreement with theoretical
predictions and existing empirical values and are obtained with a good precision (< 10%).

PACS. 31.10.+z Theory of electronic structure, electronic transitions, and chemical binding –
31.15.Ar Ab initio calculations

1 Introduction

A lot of experimental data on uranium have been accu-
mulated since 1975 for the project of laser isotope separa-
tion (Atomic Vapour Laser Isotope Separation, “AVLIS”).
Unfortunately, only a few data have been allowed to be
published. Nevertheless, recently a parametric interpreta-
tion of the hyperfine structure (hfs) constants has been
made [1] on the basis of the fine structure analysis of
Guyon [2]. The conclusion of [1] was that the interpreta-
tion of hfs constants A and B, obtained on a limited basis
of the only 5f36d7s2 configuration, was reasonably satis-
fying for low lying levels (< 15000 cm−1), considering the
proximity of the neglected configuration (5f36d27s) which
perturbs a number of levels.

Guyon [2] obtained a parametric Condon-Slater-Racah
representation of the fine structure (fs) of the lower levels
up to 15000 cm−1 on the basis of the two lowest configu-
rations in interaction (f3ds2 + f3(4I)d2s). The core f3 of
f3d2s was restricted to the only term 4I, due to the limits
of the computer facilities available in 1974.

Unfortunately, the matrices of the structure coeffi-
cients (calculated in LS coupling for the interacting config-
urations constructed by Guyon [2]) have not been main-
tained; for this reason, a representation on the basis of
the only f3ds2 configuration has been used in [1] with
the corresponding set of fs parameters given in [2]. If
we want to take into account both configurations, the
truncation of the core is not satisfying, at least for the
lower levelJ values.

The aim of the present work is a reanalysis of the fine
structure of the lower levels up to 24000 cm−1 on the ba-
sis of the two lowest configurations of uranium without
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a truncation of the core in the case of the second con-
figuration. This interpretation has been performed using
Cowan’s code [3] which can manage such configurations
without restriction.

2 Parametric interpretation of the energy
levels in the odd configurations 5f36d7s2+
5f36d27s

Cowan’s code package (RCN, RCN2, RCG and RCE) has
been used for the analysis. No details on these codes are
given in the present paper; but they can be found in [3]. All
calculations have been performed on an IBM Risk (IBM
RS-6000-590) computer. Calculations have done in LS rep-
resentation.

2.1 Parameters

There are 8 radial parameters [F 2(f, f);F 4(f, f);F 6(f, f);
F 2(f, d); F 4(f, d); G1(f, d); G3(f, d) and G5(f, d)] for
the electrostatic interaction in the configuration 5f36d7s2,
12[F 2(f, f);F 4(f, f);F 6(f, f);F 2(d, d);F 4(d, d);F 2(f, d);
F 4(f, d); G1(f, d); G3(f, d); G5(f, d); G3(f, s); G2(d, s)]
in the 5f36d27s and 2 parameters for average energy (eav
(f3ds2) and eav (f3d2s)) of the 2 configurations. Two
spin orbit parameters (ζf , ζd) of the f and d electrons
for each configuration. Three electrostatic interactions
between the two configurations R2(fs, fd), R3(fs, df)
and R2(ds, dd). The total number of parameters for the
two complete configurations is 29. Effective parameters
as α, β, γ for f electrons and α, β, T2(d) for d electrons
have been introduced in the present optimization.
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2.2 Optimization of the fine structure parameters

Only main results are given here to show the procedure
used in the present work for the optimization of all para-
meters. Results have been obtained using the RCE pro-
gram. We have worked in 5 steps:

a) Only levels for which assignments have been given
by Blaise [4] have been taken into account. This represents
69 levels. A few levels have been excluded from the fit just
because of large deviations (> 120 cm−1) in the difference
between calculated and observed values for energy levels.
These levels are

J = 0 : 5988; J = 3 : 10819;

J = 4 : 4453, 11558; J = 5 : 11633;

J = 6 : 13402; J = 7 : 13567;

J = 8 : 14501, 14842, 16244, 17428;

J = 9 : 13535, 18511, 19297, 19509;

J = 11 : 23673 .

Then ratios between parameters for the f3d2s configura-
tion have been fixed in order to reduce the number of free
parameters:

F 4(f, f)/F 2(f, f) = 0.786 (close to the value recom-
mended by [5]),
F 4(d, d)/F 2(d, d) = 0.641 (close to the calculated
value given in [5]),
F 4(f, d)/F 2(f, d) = 0.583 (close to the calculated
value given in [5]),
G3(f, d)/G1(f, d) = 0.584 (arbitrary fixed)

ratios R2(fs, fd)/ R3(ds, dd) and R2(ds, dd)/ R3(ds, df)
have been fixed according to the values given in [5].

Results are given in column [a] of Table 1.

b) Progressively, more levels have been included into
the least square fitting process up to 116, but with the
same fixed ratios. Results for this fit are given in column
[b] of Table 1, the average deviation in 55 cm−1.

c) Using the same set of levels, all the 27 parameters
have been let free. In this case the average deviation is
54 cm−1 and results are presented in column [c] of Table 1.
But ratios of configuration interaction integrals have been
kept fixed.

d) Then progressively, more levels been introduced up
to 155. Results are given in column [d] of Table 1. The
average deviation is 53 cm−1, and all parameters have
been determined with a precision better than 10%. As in
c), ratios of configuration interaction integrals have been
kept constant.

e) Configuration interaction parameters have been let
free and effective parameters like α, β, γ have been in-
troduced; γ(f) for f3ds2; γ(f) and T2(d) for f3d2s have
been held fixed to zero. Results are given in column [e]
of Table 1. The average deviation is 46 cm−1 for 183 lev-
els. Of course, standard average deviation is a little bet-
ter than other cases. But parameter values are not sig-
nificantly different. All parameters have been determined

with a precision better than 10% excepted for F 4(d, d)
and R3(fs, df) parameters and effective parameters, no
significative values have been obtained for β parameters.
Only α(f, f) for the configuration f3ds2 (12 ± 3 cm−1)
and α(d, d) for the configuration f3d2s (34± 9 cm−1) are
well determined.

3 Discussion

Since results with the introduction of effective parameters
are not significantly different, we have taken the column
[d] of Table 1 as final results for the discussion.

3.1 Spin orbit coupling constants

As predicted by [5], ζf spin orbit coupling constants are
almost the same for both configurations. HFR values
from [5] are quite close to empirical values; a subtractive
correction of 50-70 cm−1 is consistent with the prediction
of [5]. For both configurations f3ds2 and f3d2s, present
empirical values (1734 ± 6 cm−1 and 1740 ± 8 cm−1)
are comparable to Guyon’s values (1759 ± 14 cm−1 and
1781± 40 cm−1).

The ζd spin orbit coupling constants are much more
sensitive than ζf to the nature of other electrons in the
configuration. For the configuration f3ds2, our empirical
value (1303± 17 cm−1) is different from HFR value given
in [5]: 1519 cm−1, but in agreement with the experimental
value of [2]: 1213± 39 cm−1. For the other configuration
f3d2s, our empirical value (1169 ± 16 cm−1) is different
from Guyon’s value (1464±70 cm−1), but consistent with
a subtractive correction of #200 cm−1 between HFR and
empirical values as observed in the other configuration. In
fact, the high value given by Guyon [2] is only due to the
truncation of the core f3 restricted to the multiplet 4I and
there is no need to take into account pseudo configuration
interaction operators as suggested in [5].

3.2 Slater integrals

–F k integrals

Values of F k ratios are given in Table 2 for comparison
with HFR values [5] and empirical values from Guyon [2].

The ratio of F 4(f, f)/F 2(f, f) (= 0.76) fit both con-
figurations corresponds to the value recommended by Ra-
jnak (0.74-0.78) [5]. The ratio of F 6(f, f)/F 2(f, f) for the
f3d2s configuration (0.82 ± 0.1) is different from Rajnak
prediction: 0.55-0.56, but this is certainly due to the de-
termination of F 6(f, f) which is less precise in this case.
These ratios are comparable to the values obtained by
Carnall et al. [6] in the case of Bk3+ (5f9): F 4/F 2 = 0.737;
F 6/F 2 = 0.559 and of Cf3+ (5f10): F 4/F 2 = 0.741;
F 6/F 2 = 0.557 and by Conway [7] for the configuration
f8s2 of CmI: F 4/F 2 = 0.762; F 6/F 2 = 0.551.

All predicted values of F 4(f, d)/F 2(f, d) are nearly
constant and close to the HFR values. Our value of
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Table 1. Fine structure parameter values in cm−1. Guyon’s experimental results and Rajnak’s ab initio results are also given
for comparison; columns indicated as [a], [b], [c], [d] and [e] correspond to the different optimizations given in Section 2.2.

F. Guyon [2] K. Rajnak [5] This work [a] This work [b] This work [c] This work [d] This work [e]

eav f3ds2 26213 (126) 26160 (64) 26053 (121) 26025 (98) 26342 (99)
F 2(f, f) 44501 68573 42688 (782) 42554 (478) 42526 (496) 42613 (381) 43891 (344)
F 4(f, f) 29898 44317 32889 (1449) 32545 (681) 32436 (708) 32181 (567) 32431 (608)
F 6(f, f) 32896 32357 25084 (1705) 24597 (1003) 24823 (1065) 24720 (794) 23128 (664)
α 12 (3)
β −73 (111)
γ 0
ζf 1759 (14) 1808 1736 (10) 1735 (7) 1735 (7) 1734 (6) 1723 (6)
ζd 1219 (39) 1519 1283 (26) 1299 (18) 1292 (20) 1303 (17) 1270 (15)
F 2(f, d) 14595 (630) 25079 16860 (412) 16692 (238) 16412 (366) 16381 (313) 16600 (284)
F 4(f, d) 7761 (1039) 13350 9488 (679) 9658 (448) 9586 (464) 9748 (408) 10938 (328)
G1(f, d) 7455 (210) 16192 8010 (132) 8057 (91) 8019 (101) 8031 (88) 8201 (75)
G3(f, d) 9009 (504) 11494 9242 (323) 9337 (224) 9258 (238) 9100 (212) 9193 (202)
G5(f, d) 3354 (914) 8484 4991 (602) 5397 (418) 5286 (442) 5493 (374) 5903 (298)

eav f3d2s 41639 (644) 41470 (170) 41581 (222) 41930 (233) 41420 (184)
F 2(f, f) 44501 67649 46465 (2092) 45592 (836) 46165 (2425) 48706 (1982) 46912 (1454)
F 4(f, f) 29898 43658 36527 (1645) 35842 (657) 36367 (4118) 37103 (2178) 32517 (2165)
F 6(f, f) 32896 31938 36619 (9437) 34364 (2036) 35781 (3688) 40032 (3296) 37210 (2461)
α −19 (12)
β 447 (377)
γ 0
F 2(d, d) 22540 29240 16344 (1022) 17090 (361) 16611 (945) 15979 (411) 16896 (671)
F 4(d, d) 13009 18899 10489 (656) 10968 (231) 9938 (2105) 8760 (838) 7750 (1437)
α 34 (9)
β −184 (326)
T2(d) 0
ζf 1781 (40) 1787 1738 (21) 1739 (10) 1742 (10) 1740 (8) 1750 (11)
ζd 1464 (70) 1343 1167 (42) 1165 (19) 1161 (20) 1169 (16) 1144 (15)
F 2(f, d) 14595∗ 23184 15291 (1789) 14775 (603) 14936 (776) 14181 (436) 13203 (399)
F 4(f, d) 5682∗ 12235 8235 (963) 7956 (325) 7724 (873) 7102 (428) 6922 (362)
G1(f, d) 7420 (200) 15165 8812 (314) 8856 (144) 8638 (252) 8572 (112) 8440 (102)
G3(f, d) 5953∗ 10614 5151 (184) 5060 (84) 5169 (418) 4938 (323) 4871 (285)
G5(f, d) 2744∗ 7792 6438 (830) 5832 (425) 5778 (892) 5794 (379) 5837 (340)
G3(f, s) 2100∗ 3354 2236 (561) 1942 (163) 1919 (247) 1948 (143) 2106 (137)
G2(d, s) 11390 (500) 19432 11522 (1000) 11920 (243) 12040 (374) 11969 (198) 11649 (195)

R2(fs, fd) −2000∗ −9048 −4883 (220) −4792 (88) −4477 (322) −4337 (275) −5178 (402)
R3(fs, df) −500∗ −2060 −1094 (49) −1073 (20) −1073 (72) −972 (62) −1343 (309)
R2(ds, dd) −5087 (1384) −22396 −12194 (549) 11965 (219) −11179 (800) −10830 (688) −11639 (671)
Levels 68 levels 69 116 116 155 183
Parameters 17 22 22 27 27 35
Standard Dev. 124 cm−1 62 cm−1 55 cm−1 54 cm−1 53 cm−1 46 cm−1

∗ Values held fixed.

Table 2. Comparison between ratios of F k(5f, 5f), F k(5f, 6d) and F k(6d, 6d) integrals.

f3d2s f3ds2 f3d2s f3ds2 f3d2s f3ds2 f3d2s f3d2s

F 4(f, f)

F 2(f, f)

F 4(f, f)

F 2(f, f)

F 6(f, f)

F 2(f, f)

F 6(f, f)

F 2(f, f)

F 4(f, d)

F 2(f, d)

F 4(f, d)

F 2(f, d)

F 2(f, d)

F 2(d, d)

F 4(d, d)

F 2(d, d)

Guyon [2] 0.67 0.67 0.74 0.74 0.53 0.53 0.64 0.58

Rajnak [5] 0.64 0.64 0.47 0.47 0.52 0.53 0.79 0.64

This work 0.76 ± 0.07 0.75 ± 0.02 0.82± 0.1 0.58± 0.02 0.50 ± 0.04 0.59± 0.03 0.88 ± 0.05 0.54± 0.06
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Table 3. Comparison between ratios of F k(5f, 6d) and Gk(5f, 6d) and ζf (f, f) integrals for both configurations.

f3d2s f3ds2 f3d2s f3ds2 f3d2s f3ds2 f3d2s f3ds2

G1(f, d)

F 2(f, d)

G1(f, d)

F 2(f, d)

G3(f, d)

G1(f, d)

G3(f, d)

G1(f, d)

G5(f, d)

G1(f, d)

G5(f, d)

G1(f, d)

ζf
F 2(f, f)

ζf
F 2(f, f)

Guyon [2] 0.51 0.51 0.80 1.20 0.37 0.45 0.04 0.04

Rajnak [5] 0.65 0.64 0.70 0.70 0.51 0.52 0.026 0.026

This work 0.60 0.49 0.57 1.13 0.67 0.68 0.035 0.04

F 2(f, d)/F 2(d, d) = 0.88 is closer to the value of 0.9-1.0
given by Rajnak [5] in the case of the configuration f2d2s2

in UI than the value given by Guyon [2]: 0.64. Our ratio
F 4(d, d)/F 2(d, d) is in excellent agreement with the value
recommended by Guyon [2].

– Gk integrals

Our empirical Gk integral ratios (Tab. 3) confirm
the predicted results of [5], excepted the case of the
G3(f, d)/G1(f, d) ratio for the configuration f3ds2 for
which we observe that G3 is greater than G1 as found by
Guyon [2]; but for the other configuration G1 is smaller
than G3 as predicted by HFR calculations and Guyon’s
result. The obtained value of G3(f, s): 1948 cm−1 is con-
sistent with the value fixed by Guyon [2]: 2100 cm−1.

3.3 Configuration interaction integrals

All configuration interaction integrals are well determined
(better than 10%), when their ratios are held fixed. Our
value of R2(ds, d2): 10830±688 cm−1 is different from the
HFR value (22396 cm−1) [5] and Guyon’s value (5087±
1384 cm−1) [2]; but compares well to the value found for
PaI [8]: −15500± 974 cm−1. In this latter atom, for other
integrals (R2(fd, fs), R3(fd, sf)) ratios with R2(dd, ds)
have been held fixed according to [5]; so they are in good
agreement with our values. Even if ratios of configuration
interaction integrals are let free (column [e] of table 1)
values obtained for these parameters are not significantly
different.

3.4 Interpretation of the experiment energy levels—
predictions

Results, obtained with parameter values of Table 1, are
presented in Table 4: experimental energy values, eigen-
values, difference between experimental and eigenvalues,
calculated Lande g factor, experimental Lande g factor (all
experimental values are from [4]). Then the dominant con-
figuration (determined by summing over all basis states of
each configuration), the experimental isotope shift [4], the
total angular momentum J and the percentage composi-
tion of the level (3 largest eigenvector components) are
given.

155 levels are represented with a standard average de-
viation of 53 cm−1. But some imperfections in wave func-
tions are visible for some levels through the isotope shift

and the Lande g factor. This is the case for ≈ 12 levels
among 155. For some of these levels, when two close levels
belong to different configurations, an inversion is observed
in the assigment of these two levels. This can be seen es-
pecially for low J values, one example is given in Table 4
for the following levels with J = 2: 13149.733; 13951.627;
14191.0.50 and 15189.753 where two of them are inverted
in assignment and for the two others, the dominant config-
uration is not compatible with the experimental isotopic
shift. Our wave functions cannot be checked for all lev-
els since few experimental data (Lande g factors, isotopic
shifts) have been measured for levels > 19000 cm−1.

For levels lower than 15000 cm−1, H. Crosswhite and
H.M. Crosswhite [9] have shown that the contribution of
the f3d3 configuration to the eigenvectors for these low
levels was less than 1%. Above 15000 cm−1, this last con-
figuration can perturb significantly the eigenvectors for
some levels; especially, if this configuration, for which only
one level has been observed (23084 cm−1), starts at lower
energy than Brewer’s prediction (21000±4000 cm−1) [10].
This has been already suggested by [5] and can be sus-
pected from the number of extra levels which cannot be
interpreted using Table 4 and the list given in [4]. Work
is in progress on this subject.

4 Conclusion

The average deviation of 53 cm−1 for 155 experimental
values demonstrates a good quality of the fs fit. All fs
parameters are in good agreement with theoretical pre-
dictions and existing empirical values and are obtained
with a good precision (< 10%).

Wave functions reproduce well the isotopic shift and
the Lande g factor for most levels when they are available.
The quality of the wave functions will be further tested by
an extended analysis of the hyperfine constants for both
configurations. A future work will try to take into account
the next configuration f3d3. Some experimental work is
in progress to identity some new levels belonging to this
configuration.

Many thanks to R.D. Cowan for providing the computer pro-
gram and helpful advisements. R. Avril and S. Kroger have
been most helpful in discussing these results. My thanks to
J.F Le Fur for adaptation of the code to our computational
facilities. I am indebted to K. Rajnak for providing me with
her unpublished results on this subject.
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