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Abstract. A parametric analysis of the fine and the hyperfine structure for the three even configurations
4d45s, 4d45s2 and 4d5 has been performed. Effective one-electron parameters akskl

nl (kskl = 01, 12 and 10)
and b02

nl were determined for these three configurations. Extremely large ratios a10
4d/a01

4d were found. Theo-
retical predictions for the hyperfine structure constants A and B for all levels of the configurations 4d45s,
4d45s2 and 4d5 have been determined from experimental data. Additionally, the fine and hyperfine struc-
ture for the two energetically high lying even configurations 4d46s and 4d35s6s are discussed. The results
presented here call into doubt the existence of the fine structure levels 4d35s6s 6F11/2 at an energy of
39 408.88 cm−1 and 4d35s5p 6G13/2 at 18 876.46 cm−1 given in the Moore tables.

PACS. 31.30.Gs Hyperfine interactions and isotope effects, Jahn-Teller effect –
32.10.Fn Fine and hyperfine structure

1 Introduction

Niobium with the ground configuration 4d45s belongs to
the transition elements. Up to now, parametric analyses
of the hyperfine structure of Nb I existed only for the two
even configurations 4d45s and 4d35s2 (Büttgenbach and
Dicke [1]). Their analysis is based on the experimental
data of nine levels belonging to the two lowest multiplets
4d45s 6D and 4d35s2 4F, Büttgenbach et al. [2].

In the preceding paper, Bouzed et al. [3], experimen-
tal results on the hyperfine structure of atomic Nb are
compiled. Experimental hyperfine structure constants A
and B for 41 energy levels of even parity are currently
known. Due to this large quantity of data, the parametric
investigation of the hyperfine structure needs to be im-
proved.

Here we report on a parametric fine and hyperfine
structure analysis in the three even configurations 4d45s,
4d35s2 and 4d5. Additionally, the fine and hyperfine struc-
ture for the two high lying even configurations 4d35s6s
and 4d46s are investigated.

2 Fine structure

As a basis for the interpretation of the hyperfine struc-
ture, a parametric analysis of the fine structure has
been performed using the program code of Cowan [4].

a e-mail: sk@kalium.physik.tu-berlin.de

The experimental basis of our fine structure calculation
is given by the the list of atomic energy levels from
Moore [5]. A description of the parameters can be found
in Cowan [4]. All calculations have been performed in suc-
cessive SL-coupling schema.

2.1 Configurations 4d45s, 4d35s2 and 4d5

The three configurations 4d45s, 4d35s2 and 4d5 are com-
prised of 63, 19 and 37 theoretical fine structure levels, re-
spectively. In the list of atomic energy levels by Moore [5]
50 of these 119 levels are already identified. One further
even level, 18 332.04 cm−1, J = 11/2, is classified as mis-
cellaneous by Moore. We included this level in our fit.

For the parametric fine structure calculations 19 pa-
rameters are required (see Tab. 1), five each for 4d35s2

and 4d5, six for the configuration 4d45s and three config-
uration interaction parameters.

Since only one level (11 344.70 cm−1, J = 5/2) is as-
signed predominantly to the configuration 4d5, it was not
possible to fit more than one parameter of this configu-
ration. For this reason the parameters F 2(4d2), F 4(4d2)
and ζ4d of this configuration are held at a constant ratio
to the corresponding parameter of the other configurations
according to

P (4d5)/P (4d45s) = P (4d45s)/P (4d35s2) ,

where P is any one of the parameters. Additionally, the
parameter α for this configuration remains fixed. The two
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Table 1. Fine structure parameters for the even parity config-
urations 4d3 5s2, 4d4 5s and 4d5 of Nb I in cm−1 together with
values from Büttgenbach and Dicke [1]; f: parameter is held at
a fixed value, r: parameter is held in a constant ratio with the
same parameter in the configurations 4d35s2 and 4d4 5s.

parameter value reference [1]

4d45s:

Eav 17 170 (60)

F 2(4d2) 32 750 (190) 31 649 (254)

F 4(4d2) 19 900 (200) 18 921 (272)

ζ4d 425 (15) 393 (24)

G2(4d, 5s) 9 100 (80) 8 551 (71)

α 34 (3) 50 (4)

4d35s2:

Eav 12 810 (70)

F 2(4d2) 37 400 (300) 37 925 (500)

F 4(4d2) 23 100 (300) 25 572 (434)

ζ4d 494 (20) 515 (35)

α 28 (5) −7 (7)

4d5:

Eav 30 060 (120)

F 2(4d2) 28 680 r

F 4(4d2) 17 140 r

ζ4d 366 r

α 30 f

4d45s − 4d35s2:

R2(4d2, 4d5s) −12 600 (300) −14 406 (202)

4d45s − 4d5:

R2(4d5s, 4d2) −10 700 (600)

4d35s2 − 4d5:

R2(5s2, 4d2) 10 600 r

number of fitted levels 51 49

standard deviation 70 109

configuration interaction parameters R2(4d5s, 4d2) and
R2(5s2, 4d2), describing the interaction of the configura-
tions 4d45s and 4d35s2 with 4d5, respectively, are held in
the constant ratio of their HF values as calculated by the
Cowan Program [4].

Using all 51 experimental energy levels in a least
squares fit with 14 free parameters, a standard deviation
of 70 cm−1 was achieved. The fitted parameters are com-
pared to those from Büttgenbach and Dicke [1] in Table 1
and show a reasonable agreement as expected if one uses
the same input data. Nevertheless, some deviation occurs
which are due to the fact that we include the 4d5 config-
uration in our calculation.

A comparison between experimental and calculated
energies shows good agreement without excluding any
levels from the fit, Table 2. With a few exceptions, the
agreement between experimental and calculated g-factors
is also very good. Where deviations occur between ex-
perimental and calculated g-factors generally two or three
adjacent levels far away from SL limit are affected, i.e. the
contribution of the leading component is less than 50%.

For these levels, the atomic states are not well represented
by the eigenvectors, even though the agreement between
experimental and calculated energies is good.

The level 18 332.04 cm−1, J = 11/2, which is indicated
as miscellaneous by Moore [5] is assigned predominately
to the configuration 4d45s. Unfortunately no g-factor is
given to confirm the classification.

For the levels lying below 40 000 cm −1 the uncertainty
of the calculated energies for the configurations 4d45s and
4d35s2 is estimated to be less than 100 cm−1. This value is
considerably higher for the 4d5 configuration. The few lev-
els above 40 000 cm −1 are possibly disturbed by unknown
levels of the configurations 4d46s and 4d35s6s.

In most cases the SL-purity of the levels is very low,
which can be seen by the percentage of the leading eigen-
vector components. Additionally the configuration mixing
is very strong, so that assignment of certain levels to a
single configuration is not meaningful. For a few energetic
high lying levels of J = 3/2 and J = 5/2 even the leading
component is not part of the strongest configuration.

2.2 Configurations 4d46s

The configuration 4d46s consists of 63 fine structure levels,
only five of which are known experimentally [5]. These five
constitute the lowest multiplet [4d4(5D)6s] 6D and lie in
the energy range from 37 400 cm−1 to 38 600 cm−1. From
our fine structure calculation, there are no levels of the
three configurations 4d45s, 4d35s2 and 4d5 in this energy
region, see Table 2. For this reason a separate treatment
of this configuration is warrantable.

Since levels from just one multiplet are available, only
the value for the spin-orbit interaction parameter ζ4d can
be determined. With the exception of the average energy
of the configuration, all other fine structure parameters
were fixed to constant values. These values have practi-
cally no influence on the result for ζ4d. The average energy
of the configuration Eav is needed to adjust the average
energy of the 6D multiplet.

A fit of the five experimental energy levels of this con-
figuration with ζ4d and Eav as free parameters leads to
very good agreement between experimental and calcu-
lated energies as shown by a standard deviation of less
than 1 cm−1, Table 4. The fitted value of

ζ4d(4d46s) = 463 (1) cm−1

is of the same order of magnitude as the ζ4d value of the
configuration 4d45s. The purity of the levels of the 6D
multiplet, which are listed in Table 3, is in SL coupling
about 99%. However, no g-factors are given by Moore [5]
to confirm these results.

2.3 Configurations 4d35s6s

For the configuration 4d35s6s, which consists of 74 fine
structure levels, similar conditions are found as for 4d46s:
Here, six of these energy levels are known experimentally
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Table 3. Experimental and best fitted hyperfine constants A
and B and differences in between in MHz for the levels of the
[4d4(5D)6s] 6D multiplet of Nb I.

E/cm−1 J Aexp Acalc ∆A Bexp Bcalc ∆B

37 410.17 1/2 −986 −985 −1

37 578.72 3/2 −199 −204 5 −70 −63 −7

37 842.36 5/2 −86 −83 −3 −47 −45 −2

38 177.65 7/2 −37 −33 −4 42 21 21

38 567.85 9/2 5 2 3 119 127 −8

and constitute the lowest multiplet {[4d3(4F)5s]5F 6s} 6F.
These levels lie in the energy range from 37 800 cm−1 to
39 400 cm−1. From our fine structure calculation there are
no levels of the three configurations 4d45s, 4d35s2 and 4d5

in this energy region (see Tab. 2) and a separate treatment
of this configuration is warrantable.

As for the previous configuration ζ4d and Eav are
choosen as free fit parameters. The other parameters were
fixed to constant values having virtually no influence on
the result for ζ4d.

However, a problem occurs for the configuration
4d35s6s: a fit with all six energy levels given in [5] shows
very bad agreement between experimental and calcu-
lated energies. Excluding the 6F11/2 level re-establishes
good agreement as indicated by the standard deviation of
5 cm−1 achieved by fitting the remaining five experimental
energy levels 6F1/2− 9/2. The fitted value of the spin-orbit
interaction parameter is

ζ4d(4d35s6s) = 500 (2) cm−1

which is in good agreement with the ζ4d value of the con-
figuration 4d35s2.

The levels of the 6F multiplet are listed in Table 4.
They are nearly pure SL states and, as for the configura-
tion 4d46s, no g-factors are given in [5].

As a result of this fit of the five levels 6F1/2− 9/2, an
energy of 39 633 cm−1 is calculated for the level 6F11/2

instead of 39 408.88 cm−1 as given by Moore [5]. The dif-
ference of 224 cm−1 between this two energy values is too
high to be explained as deviation of fit results. The level
39 408.88 cm−1 is specified with two spectral lines only
in the visible spectral range. In the experimental inves-
tigations of the hyperfine structure of Nb I, summarized
in [3], no transition to this level is measured. Therefore,
we assume that the level 6F11/2 is not existent at the en-
ergy given by Moore [5]. Currently the calculated energy
is given for the 6F11/2 level in Table 4.

As a consequence of this, the energy of the low lying
odd level 4d35s5p 6F13/2 given with 18 976.46 cm−1 by
Moore [5] is also questionable, because it is reachable in
the visible spectral range only as transition from the levels
6F11/2, whose energy is called into doubt just now.

Table 4. Experimental and calculated hyperfine constants A
and B and differences in between in MHz for the levels of
the {[4d3(4F)5s]5F 6s} 6F multiplet of Nb I. The differences
between experimental and calculated B’s are given in paren-
theses to indicate that this is not a result of a fit (see text). For
the level with J = 11/2 the calculated fine structure energy is
given (see comment in Sect. 2.3).

E/cm−1 J Aexp Acalc ∆A Bexp Bcalc ∆B

37 871.30 1/2 −1 750 −1 750 0
38 021.41 3/2 548 552 −4 −24 −9 (−15)
38 276.59 5/2 872 868 4 −10 −2 (−8)
38 638.47 7/2 959 958 1 −59 15 (−74)
39 100.73 9/2 982 983 −1 67 42 (25)
39 633 11/2 979 78

3 Hyperfine structure

The hyperfine structure investigation is based on the
experimental data from the preceding paper, Bouzed
et al. [3]. In general, the mean value is taken for the fit if
two or more values are given for one energy level. Where
the B constant of a level is determined by atomic beam
magnetic resonance technique [2] or laser radiofrequency
double resonance technique [6], only these values are con-
sidered. A further exception is for the 14 211.30 cm−1,
J = 3/2 level, where a very large deviation is found be-
tween our A and B values [3] and those given by Singh
et al. [7]. In this case our values were taken, as the re-
sults have proved to be consistent using the result of two
different spectral lines.

According to the effective operator formalism intro-
duced by Sandards and Beck [8], the experimental hyper-
fine structure constants Aexp and Bexp can be expressed
as a linear combination of effective one-electron hyper-
fine parameters. For the magnetic dipole hyperfine struc-
ture, there are three parameters, a01

4d, a12
4d and a10

4d, for
the 4d shell of each configuration plus one parameter,
a10

ns, for each open ns shell. For the electric quadrupole
hyperfine structure, three parameters, b02

4d, b11
4d and b13

4d,
for the 4d shell of each configuration are found. We de-
termined the one-electron hyperfine structure parameters
by a least squares fit of the experimental hyperfine con-
stants A and B. The angular coefficients, αkskl

nl and βkskl

nl ,
are calculated with a numerical implementation of the
Racah algebra method [9]. This takes into account the
admixtures given by the fine structure calculation.

3.1 Configurations 4d45s, 4d35s2 and 4d5

For the configurations 4d45s, 4d35s2 and 4d5 ten effective
one-electron hyperfine parameters akskl

nl occur for the mag-
netic dipole hyperfine structure and nine one-electron pa-
rameters bkskl

nl for the electric quadrupole hyperfine struc-
ture. It should be noted that further hyperfine parameters,
which result from non diagonal matrix elements between
the configurations, are neglected here.
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For the analysis of these configurations, 31 experimen-
tal A and 24 experimental B constants were available from
literature [3]. Although the systems of equations are well
overdetermined it is not possible to fit all parameters in-
dependently.

For the configuration 4d5, only one level is as-
signed predominantly to this configuration. According to
the fine structure calculation (see Sect. 2.1) this level
(11 344.70 cm−1, J = 5/2) is 99.5% pure 4d5 6S. For
a 2S+1S state the only parameter, which contributes to A
is a10

4d. Due to the very small deviation of this state from
the SL limit, the angular coefficients of all other param-
eters are almost equal to zero and the contributions of
these parameters are negligible. The angular coefficient of
a10
4d is approximately 1; and in the SL limit it is exactly 1.

Therefore the parameter

a10
4d ≈ Aexp(4d5 6S) = −642 MHz

is reliably determined.
It is not possible to fit more than this one parameter

for the configuration 4d5, so the two other parameters a01
4d

and a12
4d have to be fixed or held at a constant ratio with

another parameter. There exist two possibilities to do this:
firstly to hold all three parameters of this configuration
at a constant ratio based on the ratios of the relativistic
hyperfine integrals as calculated from the OHFS (Opti-
mized Hartree-Fock-Slater) method given in [10], or sec-
ondly to hold the two parameters a01

4d and a12
4d at a con-

stant ratio with the corresponding parameters of another
configuration (e.g. 4d45s) based on the ratio of the fine
structure spin-orbit parameter, ζ4d, of the relevant config-
urations. First attempts indicated that the ratios a10

4d/a01
4d

and a10
4d/a12

4d are clearly different from what is expected
from OHFS calculations. We therefore decided to use the
second option. Additionally, the ratio of the two param-
eters a12

4d of the configurations 4d45s and 4d35s2 is set to
the ratio of the corresponding fine structure spin-orbit pa-
rameters.

This leads finally to a fit for the magnetic dipole hy-
perfine structure with four free parameters and 31 experi-
mental A constants. Under exclusion of four levels a stan-
dard deviations of 52 MHz is achieved which corresponds
to approximately 8% of the mean absolute value of the A
constants.

All four levels excluded from the fit are levels which
are strongly mixed between the configurations, hence the
strong deviations between experimental and calculated A
constants of these levels may be due to neglecting the ma-
trix elements of the hyperfine structure operator between
different configurations. For other levels, which are also
strongly mixed between the configurations, the hyperfine
interaction between different configurations seems to be
not so influential.

Two of these levels, 10 126.06 cm−1 and
13 629.15 cm−1, are levels which additionally show
high deviations between experimental and calculated
g-factors indicating the inaccuracy of the eigenfunctions.

The experimental and the best fitted A values as well
as calculated A constants for all levels with unknown Aexp

Table 5. Magnetic dipole hyperfine structure parameters for
the even parity configurations 4d45s, 4d35s2, 4d5, 4d46s and
4d35s6s of Nb I in MHz together with values from Büttgenbach
and Dicke [1].

parameter this work reference [1]

4d45s a01
4d 280 (30) 351.67 (0.58)

a12
4d 210 (100) 276.08 (2.17)

a10
4d −370 (40) −511 (30)

a10
5s 6 390 (160) 6 700 (118)

4d35s2 a01
4d 380 (30) 395.39 (0.25)

a12
4d 250 338.34 (3.19)

a10
4d −300 (60) −225.84 (1.97)

4d5 a01
4d 240

a12
4d 180

a10
4d −650 (60)

number of fitted A’s 27 9

standard deviation 52

4d46s a01
4d 310 (6)

a12
4d 135 (30)

4 a10
4d + a10

6s −1 303 (12)

number of fitted A’s 5

standard deviation 4

4d35s6s a01
4d 366 (8)

a12
4d −980 (100)

4 a10
4d + a10

6s 8 854 (18)

number of fitted A’s 5

standard deviation 3

are listed in column 13 to 15 of Table 2. The resulting ef-
fective one-electron hyperfine parameters are summarized
in Table 5.

Concerning the electric quadrupole hyperfine struc-
ture, for the only level assigned predominantly to the con-
figuration 4d5, 6S5/2 at 11 344.70 cm−1, all angular coef-
ficients are approximately zero. The experimental result

Bexp(4d5 6S) = −0.061 (92) MHz

agrees with this. Hence, this levels is inapplicable for the
determination of the one-electron parameters of the con-
figuration 4d5. Because the admixture of 4d5 is very small
for all other levels with experimentally known B constants
it is not at all possible to determine the parameters of
this configuration. Therefore all three parameters b02

4d, b11
4d

and b13
4d of the configuration 4d5 were held at a constant

ratio with the corresponding parameters of the configura-
tion 4d45s based on the ratio of the fine structure spin-
orbit parameter of the relevant configurations.

A fit of the electric quadrupole hyperfine structure
with six free parameters, three each for the configurations
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Table 6. Electric quadrupole hyperfine structure parameters
for the even parity configurations 4d45s, 4d35s2, 4d5 and 4d46s
of Nb I in MHz together with values from Büttgenbach and
Dicke [1].

parameter this work reference [1]

4d45s b02
4d −231 (8) −232.04 (0.17)

4d35s2 b02
4d −273 (9) −263.58 (2.85)

4d5 b02
4d −199

number of fitted B’s 21 8

standard deviation 7

4d46s b02
4d −220 (20)

number of fitted B’s 4

standard deviation 13

4d45s and 4d35s2 leads to reasonable standard deviation
but to uncertainties of the parameters b11

4d and b13
4d which

are of the same order of magnitude as the values them-
selves. The same facts are found if additionally the param-
eters of 4d35s2 are coupled to the corresponding parame-
ters of 4d45s using the ratio of the fine structure spin-orbit
parameters. This is due to the high uncertainty of some of
the experimental B values associated with relatively small
coefficients of the parameters b11

4d and b13
4d.

If instead of the coupling the parameters of the configu-
rations 4d35s2 and 4d45s, the ratio of all three parameters
of each one configuration is held in a constant ratio follow-
ing the relativistic hyperfine integrals from the OHFS [10],
the standard deviation doesn’t change significantly. The
values of the remaining two free fit parameters, b02

4d for the
two configurations 4d45s and 4d35s2, concur for all fit vari-
ations mentioned above in the range of tolerance, which
means that the influence of the parameters b11

4d and b13
4d is

negligible. Even in the non-relativistic limit, which means
b11
4d = 0 and b13

4d = 0, the best fit values of the parameters
b02
4d and the standard deviations remained similar.

In all different fit versions three levels have been ex-
cluded from the fit because of strong deviations between
experimental and best fitted values. The results of the
non-relativistic fit version are listed in Table 6. The stan-
dard deviation of the fit was 7 MHz which corresponds to
13% of the mean absolute value of the B constants. The
experimental and the best fitted B values as well as cal-
culated B constants for all levels with unknown Bexp are
listed in column 16 to 18 of Table 2.

For comparison, one-electron parameter values from
previous parametric investigations done by Büttgenbach
and Dicke [1] are given in Tables 5 and 6. In the model
space of Büttgenbach and Dicke the configuration 4d5 was
not included. Using only nine experimental A constants
and eight experimental B constants belonging to the low-
est two multiplets, they fitted seven and six parameters,
respectively. So, the degree of overdetermination of their
fits is very low. Nevertheless their results for the magnetic

dipole hyperfine structure are similar to our results. The
values for the electric quadrupole hyperfine structure even
agree with our results within the limits of error.

3.2 Configuration 4d46s

In the configuration 4d46s for all five known fine struc-
ture levels the hyperfine structure constants are mea-
sured [3]. The experimental magnetic dipole hyperfine
structure constants Aexp can be expressed as a linear com-
bination of the four effective one-electron hyperfine pa-
rameters a01

4d, a12
4d, a10

4d and a10
6s. Following the fine struc-

ture calculation (Sect. 2.2) the states are nearly pure in
SL coupling. Because of the very small departure of the
states from the SL limit, distinction between a10

4d and a10
6s

is difficult if only one multiplet is given as experimental
basis. If the states are assumed to be pure SL states, the
angular coefficients α10

4d and α10
6s of the parameters a10

4d and
a10
6s are linearly dependent for all levels of the multiplet 6D:

α10
4d = 4α10

6s.

Therefore only the linear combination (4 a10
4d +a10

6s) can be
determined in a fit of the experimental A constants. So,
we get a fit with three free parameters and five experimen-
tal A values. The fitted parameters are listed in Table 5.
The agreement between experimental and the best fitted
hyperfine structure constants A, tabulated in Table 3, is
good, shown by a standard deviation of 4 MHz.

The fitted value of (4 a10
4d + a10

6s) is –1 303 (12) MHz.
If we assume that the ratio of a10

6s(4d46s)/a10
5s(4d45s) lies

between 5 and 20, with

a10
5s(4d45s) ≈ 6 500 MHz

it follows

325 MHz < a10
6s(4d46s) < 1 300 MHz.

Consequently, from

4 a10
4d + a10

6s = −1 303 (12) MHz

follows

−650 MHz < a10
4d(4d46s) < −400 MHz.

Hence, as for the other even configurations, for this confi-
guration the value of a10

4d is according to amount of same
order of magnitude than the value of a01

4d.
For the electric quadrupole hyperfine structure four

experimental constants Bexp are available [3]. The exper-
imental uncertainty of these values is rather high, on av-
erage about 30%. Following Sandars and Beck [8] three
one-electron parameters b02

4d, b13
4d and b11

4d occur to describe
the experimental B values. A fit of all three parameters
leads to an uncertainty of the parameters b13

4d and b11
4d in

the same order of magnitude as the value itself. The differ-
ence between best fitted and experimental values is much
smaller than the uncertainty of the experimental values.
So the results of this fit are not significant.
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If the ratios b02
4d/b11

4d and b02
4d/b13

4d calculated from OHFS
by Olsson and Rosén [10] for the configuration 4d45s are
adopted for the configuration 4d46s and are fixed during
the fit (i.e. only one free parameter), the value of the pa-
rameter b02

4d changes only within the limits of error. The
standard deviation becomes higher but is still smaller than
the uncertainty of the experimental values.

Also a fit in the non-relativistic limit, which means
b13
4d = 0 and b11

4d = 0, doesn’t change the value of b02
4d and

the standard deviation significantly.
The resulting value of the non-relativistic fit for the

parameter b02
4d is given in Table 6. The experimental and

the best fitted hyperfine structure constants B are listed
in Table 3.

3.3 Configuration 4d35s6s

For the configuration 4d35s6s the hyperfine structure con-
stants are measured for five of six fine structure levels be-
longing to the lowest multiplet 6F [3].

The experimental magnetic dipole hyperfine structure
constants Aexp can be expressed as a linear combination
of the five effective one-electron hyperfine parameters a01

4d,
a12
4d, a10

4d, a10
5s and a10

6s. Following the fine structure calcula-
tion (Sect. 2.3) the states are nearly pure in SL coupling.
As consequence – as for the lowest multiplet of the config-
uration 4d46s – distinction between the parameters a10

4d,
a10
5s and a10

6s is difficult if only one multiplet is given as
experimental basis. If the states are assumed to be pure
SL states we found for the lowest multiplet 6F:

α10
4d = 3α10

5s = 3α10
6s.

A fit with the three free parameters a01
4d, a12

4d and (3 a10
4d +

a10
5s + a10

6s) (case of pure SL coupling) and five experi-
mental A constants leads to a good agreement between
experimental and fitted A values (standard deviation of
3 MHz). But the fitted value for a12

4d is −980 (100) MHz,
which is of opposite sign and much higher than would be
expected. Following our results for the other even config-
urations the ratio of the parameters a01

4d/a12
4d lies between

1.3 and 2.2. On the other hand, following the OHFS val-
ues from Olsson and Rosén [10] for the even configuration
4d45s, 4d35s2 and 4d5 the ratios a01

4d/a12
4d should be be-

tween 0.91 and 0.94.
A few trials have been performed with fixed values

for the ratio of these two parameters with the following
results: The fitted value of (3 a10

4d + a10
5s + a10

6s) is not in-
fluenced very much by this additional reduction of free
fit parameters. It varies from 8 720 MHz (for the ratio
a01
4d/a12

4d = 0.9) to 8 850 MHz (for a fit with all parameters
free), which is an uncertainty of about 1.5%. The value of
a01
4d is of course affected by the ratio a01

4d/a12
4d and varies

from 480 MHz (for the ratio a01
4d/a12

4d = 0.9) to 370 MHz
(for a fit with all parameters free).

If one deviates from pure SL coupling and takes into
account the very small contribution of the other levels of
this configuration, the angular coefficients are changing
perceptibly. Especially for the coefficients of the parame-
ter a12

4d, whose absolute value is very small, the influence

is strong. Additionally the linear dependence of the three
parameters a10

nl is overrided by the consideration of the
small contribution of the other basis states. The system
responds very sensitively to changes in the eigenvectors.
However, because one multiplet is known only for this
configuration, no reliable prediction can be given for the
eigenvectors. Hence, no satisfying results can be found for
a parametric fit of the magnetic dipole hyperfine structure
constants A.

Nevertheless the best fitting values of the fit in pure SL
coupling with three free parameters are listed in Table 4,
particularly to show the calculated value of the 6F11/2

level, the A constant of which is experimentally unknown
up to now.

Also the parametric fit of the electric quadrupole hy-
perfine structure for the configuration 4d35s6s gives trou-
ble. Four experimental constants Bexp are available. The
absolute value of these constants are small, the relative
uncertainty consequently rather high, up to more than
100%. Following Sandards and Beck [8], three one-electron
parameters b02

4d, b13
4d and b11

4d occur. A fit of all three param-
eters leads to an uncertainty of all three parameters in the
same order of magnitude as the value it self. The difference
between experimental and best fitting B values is high,
but still smaller than the uncertainty of the experimental
values. So the results of this fit are not significant. Even a
fit in the non-relativistic limit (b13

4d = 0 and b11
4d = 0) does

not yield better results.
To give an impression of the order of magnitude of the

B’s, approximate values are calculated using the value of
the b02

4d parameter of the configuration 4d35s2. They are
listed together with the experimental values in Table 6.
With exception of the level 6F7/2 at 38 638.47 cm−1 at
least the trend of the experimental values is represented
correctly by the calculated ones.

4 Discussion

For all configurations under investigation the values de-
termined for the contact parameter a10

4d for the magnetic
dipole hyperfine interaction are very much larger than
would be expected from Optimized Hartree-Fock-Slater
calculations done by Olsson and Rosén [10]. This may arise
from the contribution of the spin to the core polarization.
Following our suggestion ab initio calculations of the hy-
perfine structure parameter a10

4d for 93Nb have been done
by Loginov and Tupitsin [11] in various approximations
applying non-relativistic Hartree-Fock-Sturm equations as
well as relativistic Hartree-Fock-Dirac-Sturm equations.
The results of these calculations for the configuration 4d5

lie between a10
4d = −650 MHz and a10

4d = −492 MHz using
methods which take into account configuration interaction
and all orders of the perturbation theory. These results are
in good agreement with our result.

From our interpretations of the electric quadrupole in-
teraction it is to be seen that the influence of relativistic
effects represented by the parameters b13

4d and b11
4d is small,

especially by comparison with the uncertainty of some of
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the experimental B values. Therefore, for all configura-
tions the results from the non relativistic approach are
given. The standard deviation achieved is inside the ex-
perimental uncertainties of Doppler limited optical mea-
surements. In contrast to us, Büttgenbach and Dicke [1]
were able to determine parameters values for b13

4d and b11
4d.

This is due to the high accuracy of the eight experimen-
tal B constants they used and due to the fact that the
eigenvectors for all these states are very close to the SL
limit.

5 Conclusion

For the three configurations 4d45s, 4d45s2 and 4d5 as well
as for the two energetically high lying configurations 4d46s
and 4d35s6s, a parametric analysis of the fine structure
and the hyperfine structure has been performed. Effective
one-electron parameters a01

4d, a12
4d, a10

4d, a10
5s and b02

4d are de-
termined. A very large value for the contact parameter
a10
4d has been ascertained. This is in good agreement with

results from ab initio calculations done by Loginov and
Tupitsin [11].

Theoretical predictions for the fine structure energies
as well as for the hyperfine structure constants A and B
for all levels of the configurations 4d45s, 4d45s2 and 4d5

with experimentally unknown values are given.
For the configuration 4d35s6s the parametric interpre-

tation of the fine structure leads to the deduction that the

energy of the fine structure levels 4d35s6s 6F11/2 given in
the Moore tables is not correct. As a consequence, the
energy of the level 4d35s5p 6G13/2 is called into doubt.
Experiments to scrutinize these energies are in progress.
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9. S. Kröger, M. Kröger, Comput. Phys. Commun. 90, 381
(1995)

10. G. Olsson, A. Rosén, Phys. Scripta 26, 168 (1982)
11. I. Tupitzin, A. Loginov, in Europhysics conference ab-

stracts of the 34th EGAS conferece, Sofia (2002), edited
by K. Blagoev; Opt. Spectrosc. 94, 357 (2003)


